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As a key step in analytical procedure, sample preparation is an active research field in 
analytical chemistry. By the recent trend of miniaturization and automation, miniaturized 
sample preparation techniques have been generating strong attraction and undergoing rapid 
development.  
The objective of the study was to develop novel miniaturized and 
environmental-friendly microextraction methodologies, including sorbent-based and 
liquid-phase microextraction (LPME). For sorbent-based microextraction, graphene-based 
materials as sorbent were investigated and evaluated. The possibility of graphene served as 
sorbent was first explored by combining with micro-solid-phase extraction (µ-SPE). Lightly 
sulphonated graphene sheets were synthesized and well characterized. Non-polar polycyclic 
aromatic hydrocarbons (PAHs) were used as model compounds coupled with gas 
chromatography-mass spectrometry (GC-MS). The parameters influential to extraction were 
investigated, and the applicability of the methods to environmental water was evaluated. To 
further enhance the extraction efficiency of graphene, well-dispersed graphene was applied 
in novel-developed plunger-in-needle solid-phase microextraction (SPME). In 
plunger-in-needle SPME, a commercially-available plunger-in-needle microsyringe with its 
stainless steel plunger wire etched with hydrofluoric acid (HF) was used as coating support. 
The sol-gel technique was employed as the coating approach to create a porous and stable 
3-dimensional network structure. The applicability of the method was evaluated by the 
determination of polybrominated diphenyl ethers (PBDEs) in water samples coupled with 
x 
GC-MS. Compared with commercial SPME fibers, the sol-gel graphene exhibited higher 
extraction efficiency. The feasibility and selectivity of the method was further extended by 
the extraction of UV filters in water samples. On-fiber silylation was used to enhance their 
GC-MS sensitivity due to their relatively high polarity. Compared with commercial SPME 
fibers, the graphene fiber showed better extraction performance for lightly polar compounds. 
Hence, the ranking of selectivity of the sol-gel graphene over these types of compounds was: 
non-polar > lightly polar > polar. 
For the development of LPME techniques, a novel and simple plunger-in-needle LPME 
approach was developed. Plunger-in-needle LPME, based on the same configuration as 
plunger-in-needle SPME, involved the use of an HF-etched stainless steel plunger wire as a 
solvent holder and support. The solvent was held within the pores of the etched surface. 
Toluene was chosen as extractant solvent. High molecular weight PAHs were used as test 
compounds. After extraction, the syringe could be directly placed into the injection port of 
GC-MS for desorption and analysis. The proposed method integrated the extraction and 
introduction into one device, just like SPME, which makes the procedure much simpler and 
faster. In addition, the extraction procedure was almost organic solvent-free as the extractant 
solvent consumed was greatly decreased to less than 0.1 µL, which is much environmentally 
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1.1. Sample preparation 
The increasing contamination of freshwater systems with thousands of industrial and natural 
chemical compounds is one of the key environmental problems facing the world today. 
More than one third of the Earth’s accessible renewable freshwater is used for agricultural, 
industrial, and domestic purposes, and most of these activities lead to water contamination 
with numerous synthetic and natural compounds [1]. Although most of these compounds are 
present at low concentrations, many of them raise considerable toxicological concerns, 
particularly when present as components of complex mixtures. This has put pressure on 
regulating authorities and research organizations to produce more information on trace 
levels of these contaminants and their environmental significance.  
Generally, the concentrations of synthetic or natural trace contaminants in water are very 
low, ranging from part per million (ppm) to part per billion (ppb), and to even part per 
trillion (ppt) levels. To monitor the levels of contaminants, there are several discrete steps in 
a modern analytical process: field sampling, field sample handling, laboratory sample 
preparation, separation and quantification, statistical evaluation, decision and finally action. 
Each of these steps is critical for obtaining accurate and reliable results. Due to the 
characteristics of an environmental sample, the sample preparation step is of extreme 
2 
importance in the whole procedure, because in this step, the compounds of interest need to 
be isolated from the complex sample matrix that cannot be handled by the analytical 
instrument directly, and the analytes need to be brought to a suitable concentration level for 
analysis. Furthermore, sample preparation can include “clean up” procedures for very 
complex or “dirty” samples. 
Even today, the most commonly used sample preparation techniques are still based on 
classical procedures which have been used for more than one hundred years, for example, 
liquid-liquid extraction (LLE). LLE is based on the transfer of analytes from an aqueous 
sample to a water-immiscible solvent. It works very well; nevertheless, some shortcomings 
(e.g., emulsion formation and use of large sample volumes and toxic organic solvents) make 
LLE expensive, time-consuming and environmentally unfriendly.  
An alternative to LLE is solid-phase extraction (SPE). SPE is based on selective 
retention of the target analytes in a solid sorbent that can then be eluted with an organic 
solvent. Several SPE materials have been developed, from the conventional alkyl-modified 
silica materials (non-polar C18 phase) to the new materials based on polymer sorbents that 
improve the retention of polar compounds [2]. Although this technique uses much less 
solvent than LLE, the volume can still be considered significant. Moreover, an extra step of 
concentrating the extract to a small volume is needed.  
To overcome some of these limitations, it is considerable challenge to come up with a 
more direct sample preparation procedure that is simple (preferably one-step), affordable 
and economical (obviating the need for sophisticated apparatus or equipment), 
environmentally friendly (reduction in solvent or solvent-free), and can be automated to 
some degree (a desirable feature, but not completely necessary, for reasons of complexity 
and capital expenditure). In this respect, miniaturization has become an important trend in 
the development of sample preparation techniques. Microextraction, like any other sample 
preparation methods, is also based on the partition of analytes between the sample matrix 
and an extracting phase. In the past few years, microscale sample preparation techniques 
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have undergone dramatic development though they are still in their infancy. Continuous 
improvement of existing microextraction techniques and discovery of alternative devices 
will be needed.  
Based on the extracting phase, microextraction methods currently can be classified into 
sorbent-based microextraction and liquid-phase microextraction. 
In this introductory part of the thesis, advances in extraction format/configurations and 
carbon nanostructures as sorbent materials for sorbent-based microextraction are 
overviewed. In liquid-phase microextraction, the development of liquid-phase 
microextraction, especially its different operational modes, is also emphasized. 
 
1.2. Sorbent-based microextraction 
One of the most challenging developments in sorbent-based microextraction is solid-phase 
microextraction (SPME), which was developed by Pawliszyn and coworkers in 1990 [3] and 
has found widespread analytical applications. In the original version, the analytes are 
adsorbed or absorbed from the sample by a coated fiber and transferred into the injector of 
the gas- or liquid-chromatographic system where they are desorbed by evaporation at high 
temperature or by dissolution in the mobile phase, respectively. In later developments, the 
principle was extended to extraction in coated capillaries (in-tube SPME) [4], to solid-phase 
dynamic extraction by internally coated syringes (SPDE) [5], to stir-bar sorbtive extraction 
(SBSE) methods [6], thin film microextraction (TFME) [7], microextraction in a packed 
syringe (MEPS) [8] and micro-solid-phase extraction (µ-SPE). 
In the following section, different devices of SPME, including on-fiber SPME, SPDE, 
and in-tube SPME, as well as µ-SPE are briefly introduced, whereas other approaches such 
as SBSE, TFME and MEPS will be excluded. In addition, the development of carbon 
nanostructures as sorbent phases from a material point of view will also be discussed. 
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Figure 1-1 Devices for solid-phase microextraction (SPME): (a) SPME fiber, (b) solid-phase 
dynamic extraction (SPDE) syringe, (c) capillary for in-tube SPME. (Reprinted with permission 
from ref. [9].) 
 
SPME is a solvent-free process that integrates sampling, extraction and introduction into a 
single step. This method is portable, simple to use, and relatively fast, and can be automated 
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and coupled online to analytical instrumentation. It has been widely used as an effective 
sample preparation approach in the environmental, food, pharmaceutical, toxicological and 
forensic fields, especially since the first fibers became commercially available in 1993 [10]. 
To date, a huge number of SPME papers have been published showing the wide versatility 
of the technique. SPME has been the subject of books [11-13] and reviews [9,14-16]. 
The technique is based on the establishment of equilibrium between the analyte and a 
stationary phase, which can be a liquid polymer, a solid sorbent, or a combination of both, at 
the surface of a fused silica fiber (on-fiber SPME), on the inner wall of a stainless steel 
syringe (SPDE) or within a fused-silica capillary (in-tube SPME) (Figure 1-1). The analyte 
is then desorbed from the stationary phase into a suitable separation and detection system.  
 
1.2.1.1. SPME principle  
Typically, the microextraction process is considered complete when the analyte 
concentration reaches equilibrium in the sample matrix and the fiber coating. The 
equilibrium conditions can be described by Eq. (1.1) according to the law of mass 
conservation, if only two phases are considered (e.g. the sample matrix and the fiber coating) 
[17]: 
C V = C  V + C  V                        (1.1) 
where C  and C  are equilibrium concentrations in the fiber coating and the sample, 
respectively. 
The distribution coefficient K   of the analyte between the fiber coating and sample 
matrix is defined as 
K  = C  C  ⁄                           (1.2) 
(1.1) and (1.2) can be combined and rearranged into 
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C  = C K   V (K  V + V )⁄                  (1.3) 
Finally, the number of moles of analyte n  extracted by the coating can be calculated 
from Eq. (1.4): 
n = C  V = C K  V V (K  V + V )⁄                  (1.4) 
Equation (1.4) indicates that the amount of analyte extracted onto the coating (n ) is 
linearly proportional to the analyte concentration in the sample (C ), which is the analytical 
basis for quantification using SPME. 
When the sample volume is very large, i.e. V ≫ K  V , Eq. (1.4) can be simplified to 
equation (1.5) 
n = K  V C                             (1.5) 
which points to the usefulness of the technique when the volume of the sample is unknown. 
In practice, this means that the fiber can be exposed directly to the flowing blood, ambient 
air, water and so on. The amount of extracted analyte will correspond directly to its 
concentration in the matrix without depending on the sample volume. 
It is often difficult and time-consuming to calculate K   because some terms are hard to 
measure accurately, such as V . Therefore, for practical purposes, n  can be easily 
obtained from experimental measurements with the following expression [18] 
n = FA = (m A ⁄ )A                       (1.6)  
where F is the detector response factor which can be calculated by comparing the amount of 
analyte (m) injected to the area counts (A ) obtained by liquid injection, A is the response 
(area counts) obtained by SPME. 
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1.2.1.2. On-fiber SPME 
In SPME, the coated fiber is fixed on a steel rod which can be exposed or withdrawn into a 
needle (Figure 1-1a). The needle protects the fiber and enables penetration of the septa of 
the sample vials or of the chromatographic injector without damage to the fiber. The only 
manufacturer of commercially available SPME fibers is Supelco (Bellefonte, PA, USA), 
which supplies fibers consisting of fused silica (of length 1 cm, diameter 110 µm) or 
StableFlex (consisting of a flexible fused-silica core that is less breakable, of lengths 1 or 2 
cm) coated with seven different single-polymer or mixed-polymer materials (Table 1-1 [9]). 
The coatings have different film thickness between 7 and 100 µm and can be nonbonded or 
bonded to the core. They possess different selectivities to analytes: nonpolar coating 
(poly(dimethylsiloxane) (PDMS); carboxen/PDMS), semipolar coating 
(PDMS/divinylbenzene (DVB)), and polar coating (polyacrylate (PA); Carbowax 
(CW)/DVB; CW/templated resin (TPR)). General advice for proper selection of the fiber 
depending on polarity, molecular size and volatility of the analytes is given in ref. [11] and 
applications for a variety of analytes and matrices are accessible from the Supleco Web site. 
Generally, on-fiber SPME can be performed in headspace extraction mode (HS-SPME) for 
volatile and semivolatile analytes or direct immersion mode (DI-SPME) for analytes with 
relatively lower volatility, combining with gas chromatographic (GC) or if no volatility, with 
high performance liquid chromatographic (HPLC) analysis [19-21], via a special interface. 
Although SPME is very popular, commercial fiber coatings present some drawbacks 
such as a low recommended operating temperature (usually 240–280°C), possibility of 
swelling when in contact with some organic solvents, risk of being stripped off under some 
extraction conditions, fragility and relatively high cost. To address some of these problems, 
a number of novel coatings have been developed for the extraction of different classes of 
compounds. In addition, different types of coating support such as stainless steel, platinum, 
and titanium wires have been explored to replace silica rods [22-27]. To enhance the 
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adhesion between the coating and the support, several coating approaches based on vapor 
deposition [28], electrochemical deposition [25], and sol-gel technology [29] have been 
proposed for the production of SPME fibers. Procedures for noncommercial fiber 
preparation and corresponding applications have been reviewed by Dietz et al. [30].  
 
Table 1-1 Commercially available SPME fibers and SPDE syringes (Reprinted with permission 
from ref. [9].) 
SPME fiber Coating 
PDMS Polydimethylsiloxane, 100 μm 
PDMS Polydimethylsiloxane, 30 μm 
PDMS Polydimethylsiloxane, 7 μm 
PA Polyacrylate, 85 μm 
PDMS/DVB Polydimethylsiloxane/divinylbenzene, 65 μm 
CW/DVB Carbowax/divinylbenzene, 65 μm 
CAR/PDMS Carboxen/polydimethylsiloxane, 75 μm 
CW/TPR Carbowax/templated resin, 50 μm 
DVB/CAR/PDMS Divinylbenzene/Carboxen on polydimethylsiloxane coating, 50/30 μm 
SPDE syringe 
PDMS Polydimethylsiloxane, 50 μm 
PDMS/AC Polydimethylsiloxane + 10% activated charcoal, 50 μm 
CT-5 5% diphenyl/95% polydimethylsiloxane , 10 and 50 μm 
PEG Poly(ethylene glycol), 10 and 50 μm 
CT-1701 14% cyanopropyl/86 % polydimethylsiloxane , 50 μm 
CT-225 50% cyanopropyl/50 % polydimethylsiloxane , 50 μm 
 
Sol–gel technology provides efficient incorporation of organic components into 
inorganic polymeric structures in solution under mild thermal conditions [29]. In general, 
the sol–gel process involves the evolution of inorganic networks through the formation of a 
colloidal suspension (sol) and gelation of the sol to form a network in a continuous liquid 
phase (gel) [31,32]. Through this process, homogeneous inorganic oxide materials with 
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desirable properties of hardness, chemical and thermal resistance, polarity and tailored 
porosity, can be produced at room temperatures. The precursors for synthesizing these 
colloids consist of a metal or metalloid element surrounded by various reactive ligands. 
Metal alkoxides, such as the alkoxysilanes tetramethoxysilane (TMOS) or tetraethoxysilane 
(TEOS) are most widely used because they react readily with water. To describe the sol–gel 
process at the level of functional groups, three consecutive reactions, as shown in Figure 1-2 
[30], are generally used: hydrolysis (R1 in Figure 1-2), alcohol condensation (R3 in Figure 
1-2) and water condensation (R2 in Figure 1-2). Generally speaking, reaction R1 replaces 
alkoxide groups with hydroxyl through the addition of water. Subsequent condensation 
reactions (R2 and R3) involving the silanol groups produce siloxane bonds and the 
by-products water or alcohol. Thin films can be produced on a piece of substrate by 
dip-coating, which is the most popular strategy for SPME fiber production. There are some 
advantages of the sol–gel method applied to SPME fiber coating such as high thermal and 
solvent stability resulting from chemical binding of the polymeric structure to avoid the 
stripping of the coatings; good mixing for multi-component system and possibility of 
creating hybrid organic–inorganic materials; and possibility to control the coating thickness 
[33]. In the sol–gel technique hydroxyl-terminated siloxane polymers or mixed polymers 
with polyethylene or polypropylene glycols are bonded to the Si–OH groups at the 
fused-silica surface. Examples prepared in this way are ultrathin phenyl-functionalized 
fibers [34] or fibers with benzo-15-crown-5 modified coatings with an improved selectivity 
toward aromatic compounds [35]. 
 
1.2.1.3. Solid-phase dynamic extraction (SPDE) 
Commercial syringes are available from Chromtech (Idstein, Germany). The gastight 
syringes have a volume of 2.5 ml and the stainless steel needles (length 56 or 76 mm, inner 
diameter 500 μm) are internally coated with a 10- or 50-μm layer of six different coatings 
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(Figure 1-1b, Table 1-1) [9]. In addition, a variety of specific custom coatings have been 
developed by this company. In applications, they are preferentially used for headspace 
sampling coupled with GC [36] and always performed automatically [9]. 
 
 
Figure 1-2 Basic steps in sol–gel coating technology. (Reprinted with permission from ref. [30].) 
 
1.2.1.4. In-tube SPME 
This version of SPME is generally limited to liquid samples. No special capillaries are 
supplied by any manufacturers for in-tube SPME. Instead, sections of conventional 
commercial capillaries intended for GC are applied [37]. Correspondingly, a wide variety of 
coatings are available. Good experiences have been described for a capillary length of 60 
cm and an internal diameter of 0.25 mm (Figure 1c). As the coatings are relatively thin (e.g., 
0.25 μm), the extraction equilibrium is quickly attained. In-tube SPME can be completely 
automated using commercial autosamplers combined with HPLC [37]. 
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1.2.1.5. Derivatization in SPME 
Generally, derivatization in combination with SPME is important if the extract is analyzed 
by GC in order to improve the extraction or the chromatographic performance. The reaction 
may occur in the sample, on the fiber, or in the injection port [38]. 
 
In-sample derivatization 
In this case the reagent is added directly to the sample and the derivative is formed 
before SPME. There is no change in the principle of the performance of SPME. 
Derivatization increases the extraction yield because of higher volatility and lipophilicity of 
the derivatives. The reagent must be sufficiently stable to hydrolysis since, as a rule, SPME 
is performed from aqueous samples. For instance, alkylchloroformates are used to transform 
amino groups into the corresponding alkyl carbamates [39,40]. However, most 
derivatization reagents are sensitive to hydrolysis. They can be used if dry residues of 
extracts from a sample are cleaned up and injected using HS-SPME mode.  
 
On-fiber derivatization 
The on-fiber derivatization may occur simultaneously with extraction, or subsequent to 
extraction. In the first case, a derivatization reagent with low volatility is deposited on the 
fiber prior to HS-SPME. An example is in the HS-SPME of carboxylic acids with 
1-pyrenyldiazomethane as the derivatization reagent [41]. An advantage of this procedure is 
that traces of volatile substances can be captured as a derivative on the fiber and can be 
detected with very high sensitivity. For on-fiber derivatization subsequent to extraction, the 
fiber is exposed after SPME to the vapor phase above the derivatization reagent in a 
separate vessel. Reagents used for this purpose are 
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) [42], 
N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA) [43,44], 
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N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) [45], hexamethyldisilazane [46] or 
trifluoroacetic anhydride  [47]. Complications of the on-fiber version include loss of 
substance or derivative in the derivatization vial, and potential of carryover problems.  
 
Derivatization in the injection port of the gas chromatograph 
An example of this approach is the direct ion-pair extraction of alkylbenzensulfonates in 
the presence of tetrabutylammonium ions on a PDMS fiber [48]. The ion pairs are 
transformed into the corresponding sulfonated butyl esters in the injection port of the gas 
chromatograph. 
  
1.2.2. Micro-solid-phase extraction (µ-SPE) 
Basheer et al [49] in 2006 claimed the first report of µ-SPE in which a sealed polypropylene 
membrane envelope was used to hold sorbent material, and placed in an aqueous sample for 
extraction. After extraction, the device was put in organic solvent and sonicated to desorb 
the analytes from the sorbent. The final extract can be directly introduced to GC or HPLC 
for analysis. In this report, the authors used multi-walled carbon nanotubes (MWCNTs) as 
sorbent in the envelope (of dimensions 2 cm × 1.5 cm) (see Figure 1-3). Since the porous 
membrane afforded protection of the MWCNTs, no further cleanup of the extract was 
required. Thus, the device can be applied to dirty samples, such as soil slurries and 
sediments. The consumption of solvent in the extraction was much less compared to 
conventional SPE. µ-SPE was demonstrated to be able to address some disadvantages of 
SPME, including fiber fragility, cost and problems with analyte carryover, etc. [49]. Very 
recently, they also investigated the feasibility of a µ-SPE device in extracting acidic 
drugs[50], persistent organic pollutants [51], carbamate pesticides [52] and aldehydes [53]. 
In addition, µ-SPE with graphite fiber as sorbent [54] was applied in combination with 
microwave-assisted extraction (MAE) and GC-MS for the determination of polycyclic 
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aromatic hydrocarbons (PAHs) from sediment samples. However, this technique is not 
easily automated. 
The principle of µ-SPE is similar to SPME. As in SPME, the amount of analyte 
extracted of µ-SPE depends on the interactions between the analytes and sorbent phase. The 
amount of analyte extracted of SPME may be evaluated by the equation 1-6. Since, in 
μ-SPE, analytes were desorbed with an organic solvent, the volume of desorption solvent V  and volume of solvent injected V  into the detector were used to calculate the response 




Figure 1-3 Schematics of (a) μ-SPE system (b) enlarged image of extraction device. (Reprinted 
with permission from ref. [49].) 
 
1.2.3. Carbon nanostructures as sorbent in sorbent-based 
microextraction processes 
In sorbent-based microextraction processes, the extraction materials themselves are key 
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issues and the extraction can be tuned depending on how these sorbents interact with the 
analytes [55]. Therefore, high performance sorbent materials are required to obtain 
satisfactory extraction efficiency.  
The first sorbents available were silica based and modified with such groups as C18, C8, 
phenyl and CH (acting as reversed-phase (RP) sorbents) or CN and NH2 (acting as 
normal-phase sorbents). Their interaction mechanisms are mainly based on hydrophobic 
interactions (Van der Waals forces) between the analytes and the sorbent. Silica-based 
sorbents, however, suffer from many drawbacks, including instability at extreme pHs, low 
recovery for polar compounds and the presence of some residual silanol groups. Lately, 
several other types of materials (e.g., polymeric sorbents [56], carbon-based materials [57], 
zeolites [58], and polyurethane foam [59]) have been proposed. 
Carbon-based materials have excellent adsorption and sieving properties for a wide 
range of organic and inorganic species [57]. Among carbon-based sorbents, activated carbon 
which is certainly one of the first materials applied in SPE has been extensively used for 
trapping and removal of medium- to low-polarity organic compounds from water. Its 
excellent properties have also been exploited in non-analytical applications (e.g., water 
treatment). However, from the analytical point of view, activated carbon lacks selectivity in 
the adsorption process and its inherent heterogeneity directly affects the reproducibility of 
the extraction process. In addition, irreversible adsorption and low recoveries were obtained 
for some analytes [60]. 
The use of a newer generation of carbon sorbents including graphitized carbon black 
(obtained by heating carbon blacks) and porous graphitized carbon has been growing, since 
they were shown to be appropriate for trapping very polar and water-soluble analytes from 
aqueous samples. However, the disadvantage of these sorbents is that some compounds 
show excessive, or even irreversible, retention [60]. Besides, they still provide low 
selectivity in interaction with potential analytes. 
More recently, a large number of allotropic carbon nanostructures as well as their 
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functionalized forms have been applied in the solid-phase (micro) extraction processes, 
including nanodiamond [61], graphite fiber [54], fullerene C60 [62], and carbon nanotubes 
(CNTs) [49] etc. The interactions established between the analyte and the materials include 
ionic interactions (e.g., dipole-dipole), hydrogen bonds, π-π stacking, dispersion forces, 
dative bonds, and the hydrophobic effect. The presence of functionalized nanoparticles 
allows the possibility of incorporating one or more of these interactions. The combination of 
two or more similar or different interactions increases the selectivity and the stability of the 
system. 
The discovery of two important allotropic carbon forms (i.e., fullerenes and CNTs) is a 
key milestone in the development of carbon-based adsorbents. The versatility and the 
selectivity of these new materials have been increased by derivatization, as specific chemical 




Fullerene, one of the allotropic carbon forms, has been found to possess adsorption properties 
by Abraham et al., who obtained gas-solid partition coefficients for 22 compounds [63]. Since 
then, this material has been employed extensively in developing analytical applications. 
Fullerene has also been proposed as adsorbent for extracting benzene, toluene, ethylbenzene 
and xylenes (BTEX) from water samples [62]. Overall, it has been found to provide better 
results than conventional adsorbent materials (e.g., C18 and Tenax TA) in terms of sensitivity 
and precision. In addition, the adsorption capacity of fullerene C60 has also been shown to 
remain unaltered in acidic media, allowing the preconcentration of analytes at lower pH, 
which results in an additional enhancement of selectivity. 
Besides their good affinity to some chemical (mainly aromatic) compounds, fullerenes 
have marked thermal stability that makes them so attractive for SPME applications. This 
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stability allows the use of higher operational temperatures and positively affects the lifetime 
of the fibers. Because of this stability, Xiao et al. synthesized a polymeric coating containing 
fullerene C60. The new coating was evaluated using BTEX, naphthalene congeners and 
phthalic acid diesters as model analytes [64]. The proposed fibers were more stable than the 
commercial fibers and showed excellent efficiency in extracting these analytes [65]. Yu et al. 
used hydroxyfullerene as a coating via sol-gel technology for a fused silica fiber [66]. They 
found that the introduction of the fullerene in the fiber structure, which was confirmed by 
infrared spectroscopy, improved not only extraction of polychlorinated biphenyls (PCBs) and 
PAHs but also the thermal stability, solvent resistance and durability of the coated fibers. 
 
1.2.3.2. Carbon nanotubes 
Another allotropic carbon structure, CNTs, can be described as a graphene sheet rolled up into 
a nanoscale tube, which can be a single-walled carbon nanotube (SWCNT)) or a multi-walled 
carbon nanotube (MWCNT), with additional graphene tubes around the core of an SWCNT. 
These CNTs have diameters in the range between fractions of nanometers and tens of 
nanometers and lengths up to several centimeters with both their ends normally capped by 
fullerene-like structures. Since the discovery of CNTs, they have attracted much attention as 
promising materials for a variety of applications. These have been extensively studied in order 
to make use of their unique structure and remarkable properties. Their strong adsorption 
affinity to a wide variety of organic compounds, together with their large adsorption surface 
makes them excellent material for sorbent-based microextraction. 
Long et al. first proposed using CNTs to remove dioxin [67]. Later, Cai et al. evaluated 
the use of CNTs packed in a commercial cartridge as adsorbents in SPE for isolating and 
preconcentrating bisphenol A, 4-n-nonylphenol, and 4-tert-octylphenol from water samples 
[68]. The results, when compared with those obtained with C18, indicated that better 
extraction efficiency can be achieved for the more polar compounds with CNTs. Since this 
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publication, the applicability of CNTs in this field has been studied extensively with an ever 
increasing number of publications. CNTs have also been proposed for the determination of 
sulfonamides [69], atrazine [70], cyanazine [71], sulfonylurea herbicides [72,73], barbiturates 
[70] and dichlorodiphenyltrichloroethane (DDT) [74] in different sample matrixes. They have 
also been applied in μ-SPE which uses polypropylene membranes to protect CNTs and to 
avoid extraction of extraneous interferences [75].  
Recently, CNTs have also been proposed as material coatings in SPME fibers for the 
determination of flame retardants in environmental and food samples [76]. The results 
demonstrated that the MWCNT coating was effective for extracting the analytes mentioned 
above and provided better enhancement factors than activated carbon and poly(5% 
dibenzene-95% dimethylsiloxane) coatings. 
While CNTs have exhibited good performance as adsorbents in SPE applications due to 
their excellent adsorption properties, some challenges still exist. The main challenge is to 
obtain pure, well-characterized materials to make possible the successful transfer of the 
developed methodologies among laboratories. Commercially available CNTs are raw 
materials comprising a distribution of CNTs of different diameters and lengths. Variations in 
such a large distribution clearly affect CNT properties and the retention process, thus 
affecting the figures of merit of the methodologies developed. 
 
1.2.3.3. Graphene 
Recently, graphene, the first two-dimensional atomic crystal, since it was experimentally 
produced in 2004 [77], has emerged as a conceptually new class of carbon material. It is a 
flat monolayer of sp2 hybridized carbon atoms packed into a dense honeycomb crystal 
structure and is a basic building block for graphitic materials of all other dimensionalities 
(Figure 1-4) [78]. It can be wrapped up into zero-dimensional fullerenes, rolled into 
1-dimensional nanotubes or stacked into 3-dimensional graphite. Its unique nanostructure 
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and property provide potential applications in a large number of areas such as electronics, 
sensors, composites and energy storage [77,78]. Graphene sheets can be prepared by various 
techniques including mechanical exfoliation of graphite [77], and reduction of exfoliated 
graphite oxide [79], etc. These preparation techniques have been reviewed recently [80,81].  
 
 
Figure 1-4 Graphene is a 2-dimensional building material for carbon materials of all other 
dimensionalities. It can be wrapped up into zero-dimensional buckyballs, rolled into 
1-dimensional nanotubes or stacked into 3-dimensional graphite. (Reprinted with permission 
from ref. [78].) 
 
Mechanical exfoliation, which is often referred to as a scotch tape or drawing method, 
can be used to generate ‘high quality’ pristine graphene that is electrically isolated for 
fundamental studies of transport physics and other properties. However, the yield of the 
product is so limited that it is not suitable for large-scale application. The reduction of 
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exfoliated graphite oxide is one approach to obtain (functionalized) graphene in bulk. 
Reduction of graphite oxide monolayer films can be realized by hydrazine or annealing in 
argon/hydrogen. However, the quality of graphene produced by this method is lower 
compared to e.g. “scotch tape” graphene due to incomplete removal of various functional 
groups by existing reduction methods. 
As the basic structural element of CNTs, graphene has been reported to possess a 
theoretical high specific surface area (2630 m2/g) [82], which may make them suitable as 
sorbents if a sufficiently stable dispersion of graphene sheets is available [83]. Some 
exploration of this potential has appeared in the literature. For example, graphene-based gas 
sensors were reported to be capable of detecting individual gas molecules [84]. In addition, 
graphene-based composites have been successfully used to fabricate an electrochemical 
glucose biosensor [85]. Also, as the large delocalized π-electron system of graphene can 
form strong π-π interaction with the benzene ring, this material has great potential to serve 
as sorbent for extraction of benzenoid compounds [68]. Very recently, the extraction 
capacity of graphene in the form of a SPME fiber coating [86] has been evaluated for the 
extraction of pyrethroid pesticides. However, the study on its application in microextraction 
has just begun. 
 
1.3. Liquid-phase microextraction (LPME) 
An alternative miniaturized sample preparation approach, liquid-phase microextraction 
(LPME), which emerged in the mid-1990s [87-90], is a miniaturized format of LLE. LPME 
is normally performed between a small volume of a water-immiscible solvent and an 
aqueous phase containing the analytes of interest. The acceptor phase can be immersed 
directly in or suspended above the sample for headspace extraction. The volume of the 
receiving phase is in the μL or sub-μL range, which allows high enrichment factors. It is 
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compatible with GC, HPLC and capillary electrophoresis (CE). From the introduction of the 
ﬁrst paper on LPME in 1996 [87] until now, new approaches have been developed to 
analyze compounds of a different nature and to obtain large enrichment factors using 
relatively short extraction times [91,92]. LPME can be divided into four main categories: 
(1) single-drop microextraction (SDME) 
(2) hollow-fiber LPME  
(3) solvent bar microextraction (SBME) 
(4) dispersive liquid–liquid microextraction (DLLME) 
In this section, different approaches to LPME are briefly described, indicating their 
performance, advantages and drawbacks. It will be limited to SDME, to hollow-fiber LPME 
and to SBME, whereas other approaches such as DLLME will be excluded. 
 
1.3.1. LPME principle 
The principle of LPME is based on the equilibrium partitioning of analytes between the 
extraction solvent (acceptor phase) and the sample matrix (donor phase) rather than 
exhaustive extraction when equilibrium is reached. When the affinity of the analytes to the 
acceptor solvent is higher than that for the sample matrix, the analytes will be successfully 
extracted. 
The partitioning of analytes between aqueous and organic phases can be described as  
A ↔A                            (1.8) 
At equilibrium, the distribution ratio K for the analytes in the two-phase system is 
K = C ,  /C ,                          (1.9) 
where Co,eq is the equilibriumn concentration of analytes in the organic phase and Ca,eq is the 
equilibrium concentration of analytes in the aqueous phase. 
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According to the mass balance relationship 
C ,       V = C ,  V + C ,  V                   (1.10) 
where Ca, initial is the original concentration of analytes in the aqueous sample, Va is the 
volume of the aqueous sample and Vo is the volume of the organic solvent. The success of 
an extraction can be measured by the enrichment factor (EF), which is defined as the ratio of 
Co,eq to Ca,initial: 
EF = C ,  /C ,                             (1.11) 
EF can be calculated from Eqs (1.9) and (1.10): 
EF = 1/(V V ⁄ + 1/ )                     (1.12) 
Equation (1.12) shows that in order to obtain high EF, low Vo/Va and high distribution 
coefficient are required. This means that if the chemistry (selection of optimal organic 
solvent) is designed to allow effective distribution of the analytes into the organic phase, 
analytes may be enriched by tuning the ratio of (Vo/Va).  
 
1.3.2. Single-drop microextraction (SDME) 
SDME is an LPME technique in which the extraction medium is in the form of a single drop. 
In most cases, SDME involves a two-phase extraction system, where a drop of immiscible 
extracting solvent (approximately 1-3 µL) is suspended from a syringe into the liquid or 
gaseous sample medium (Figure 1-5 [92]). The analytes partition between the bulk aqueous 
phase and the organic solvent microdrop. After extracting for a set period of time, the 
organic drop is retracted back into the microsyringe and is injected into the chromatographic 
system for quantiﬁcation of the analytes. It is also possible to have three-phase extraction in 
which analytes are extracted from an aqueous sample into an organic phase, and then 
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“back-extracted” into a separate aqueous phase [93]. This permits the extraction of 
water-soluble analytes by manipulation of pH in the donor and acceptor phases, and allows 
the final analysis to be performed by reversed-phase HPLC or CE. From the introduction of 
SDME [88], different modes of SDME (e.g., direct immersion (DI-SDME) [87], 
liquid-liquid-liquid microextraction (LLLME) [93], continuous-ﬂow microextraction 
(CFME) [94] and headspace (HS-SDME) [95]) have been developed for various analytical 
applications. Psillakis and Kalogerakis [96] published an overview of the basic principles of 
SDME as well as applications in 2002, and this field was further reviewed by Xu [97] and 
Mahugo-Santana [92]. Compared to conventional LLE and SPE, SDME gives comparable 
and satisfactory sensitivity and much better enrichment of analytes. In addition, the 
consumption of solvent is significantly reduced by up to several hundred or several 
thousand times, and the method is extremely affordable, rapid, and simple to operate. 
However, some practical considerations limit the applications of SDME. The major 
problem is that the microdrop suspended on the needle of microsyringe may be easily 
dislodged by the stirred aqueous sample. The microdrop is suspended on the microsyringe 
needle by surface tension, which is relatively low because of the small contact area between 
the microdrop and the tip of the microsyringe needle, so the stirring velocity cannot be too 
high due to the instability of the microdrop. Thus, in many cases, the extraction often cannot 
reach equilibrium. In addition, reproducibility is often poor due to the serious dissolution 
loss of organic extractant in the immersion mode. Although the selection of a syringe with a 
beveled needle tip [90], suitable solvent [98], and a very small volume of solvent (~1 µL) 
can obviate this difficulty, they cannot solve this problem completely, thus limiting the 
development and the application of SDME. 
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Figure 1-5 Approaches to single-drop microextraction. (Modified from ref. [92].) 
 
1.3.3. Hollow-fiber liquid-phase microextraction  
As a solution to improve the stability and the reliability of SDME, Pedersen-Bjergaard and 
Rasmussen introduced the use of a hollow fiber membrane to stabilize the extracting phase 
in 1999 [99]. Here, an organic solvent was immobilized in the wall pores of the hollow fiber, 
providing a supported liquid membrane (SLM), and an aqueous acceptor solution was held 
within its lumen. Analytes were extracted into the intermediary organic phase (represented 
by the SLM) and then subsequently into the aqueous phase (Figure 1-6a [100]). This is thus 
considered three-phase hollow-fiber LPME. Another mode of hollow fiber-LPME is based 
on a two-phase system in which the organic solvent is used to fill both the wall pores and 
the hollow fiber lumen [101,102] (Figure 1-6b [100]). Pedersen-Bjergaard and Rasmussen 
have recently written a review of hollow-fiber LPME with emphasis on the historical 
development and extraction aspects [103] of the two- and three-phase modes of the 
technique. Its applications for bioanalytical and environmental analysis were fully 




Figure 1-6 Principle of (a) three- and (b) two-phase LPME. (Reprinted with permission from ref. 
[100].) 
 
The major advantage of this technique is that the sample may be stirred or vibrated 
vigorously without any loss of the extracting liquid because it is mechanically protected and 
not in direct contact with the sample solution. Moreover, there is remarkable clean-up 
efﬁciency involved because high molecular mass compounds cannot pass through the 
membrane barrier. Thus, the method can be directly used for “dirty” samples, such as soil 
slurries, eliminating matrix interferences. In addition, the disposable nature of the hollow 
fiber totally eliminates the possibility of sample carryover and ensures high reproducibility. 
It is suitable for inorganic and organic analytes over a wide range of polarity, and it has the 
capability of online coupling to chromatography and other instrumental systems [104-106]. 
However, some disadvantages of hollow-fiber LPME are also needed to be noted [91]: 
e.g. (1) existence of a membrane barrier between the source (sample) phase and receiving 
(acceptor) phase reduces extraction rate and increases extraction time; (2) potential creation 
of air bubbles on the surface of the hollow fiber at very high stirring speeds reduces the 
transport rate and decreases the reproducibility of the extraction; and, (3) in real samples, 
adsorption of hydrophobic substances from very complex matrices on the membrane surface 
may block the pores [107]. 
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1.3.4. Solvent bar microextraction (SBME) 
Several years ago, Jiang and Lee [108], introduced a novel form of LPME, termed as 
solvent bar microextraction (SBME) (see Figure 1-7). In this method, the organic solvent is 
held within a short length of a polypropylene hollow ﬁber with its two ends sealed. This 
solvent bar can be directly placed into the sample solution for extraction. Due to the 
vigorous tumbling of the solvent bar in the agitated sample solution, mass transfer between 
the organic phase and aqueous phase is facilitated, thus resulting in higher extraction 
efﬁciency. In the case of pentachlorobenzene and hexachlorobenzene, as model compounds, 
which were determined by GC-electron capture detector (ECD), enrichment factors of up to 
~110 and ~70 fold respectively was achieved. In addition, owing to the protection offered by 




Figure 1-7 Setup of solvent bar microextraction. (Reprinted with permission from ref. [108].) 
 
Other independent reports have demonstrated the effectiveness of SBME [109-112]. 
Moreover, three-phase based SBME has also been established [111,112]. The acceptor 
aqueous phase is conﬁned within the lumen of the hollow ﬁber, while the pores of the ﬁber 
are impregnated with organic solvent. When this solvent bar is exposed to aqueous sample 
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solution, three phase-based SBME can be accomplished. Since the acceptor phase is 
aqueous, this method is especially compatible with liquid-based separation technology, e.g. 
HPLC or CE. To be noted, instead of a hollow fiber, a silica monolith was reported as the 
extractant solvent holder [113] in SBME. Owing to the porous nature of the monolith, the 
extractant solvent could be easily held in the material; when the monolith containing the 
extractant solvent was exposed to the sample solution, analytes could directly diffuse from 
the sample solution into the extractant solvent. 
SBME also suffers from some drawbacks. The reproducibility is poor due to loss of 
organic solvent when the membrane is heat sealed. In addition, the procedure seems a little 
tedious. For example, the sealed “solvent bar” has been trimmed off to withdraw the final 
extract. For monolith supported SBME, the centrifugation and reconstitution to ensure 
sufficient volume for analysis are needed. Thus, the potential of automation is limited. 
 
1.4. Comparison of microextraction techniques 
Choosing a suitable extraction technique requires consideration of a range of factors, 
including efficiency of extraction, sample-throughput time, complexity (cost) of equipment, 
complexity of method development, complexity of sample matrix, amount of organic 
solvent used and range of applicability. 
The main tasks to be fulfilled during sample preparation are: 
(1) analyte preconcentration, allowing low LODs; 
(2) elimination of interferences; 
(3) if needed, analyte conversion, making it more suitable for separation and detection; 
(4) providing a robust and reproducible method not sensitive for matrix effects. 
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The comparison of features of various microextraction techniques involved in this study 
was summarized in Table 1-2. The detailed discussion about the advantage and 
disadvantage of each method has been addressed in their respective individual section. 
 
Table 1-2 Comparison of key features of microextraction techniques involved in this study 
Methods Solvent consumption Applicability to 
dirty sample 
Potential automation Sampling 
on-site 
SPME Solvent-free Limited Automation realized Yes 
µ-SPE Hundred microliter Yes No No 
SDME 1-5 µL No Yes No 
Hollow fiber 
LPME 
3-10 µL Yes Yes No 
SBME 3 µL [108] Yes No No 
 
1.5. Objectives and scope of the study 
Summarizing, microextraction has become an important trend in sample preparation 
techniques as it is simple, cost-effective and organic solvent-minimized. Generally, it has 
been characterized as sorbent-based microextraction and liquid-phase microextraction 
(LPME). Microextraction continues to evolve, through changes in format more than 
principle, in response to the desire to simplify the sampling process or facilitate automation. 
Hence, continuous innovations in extraction materials and integrated analytical systems are 
needed to find complete solutions to separation problems. 
The main objective of the work presented in this thesis is to develop methodologies of 
microextraction, including sorbent-based microextraction and LPME. As mentioned in 
1.2.3.3, graphene, as a novel emerged carbon nanostructure, has great potential to serve as 
sorbent in sorbent-based microextraction techniques. It is very important to experimentally 
evaluate its extraction behavior to pollutants in environment, which may provide a 
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fundamental reference for the further development of analytical applications of novel 
graphene-based sorbent materials. Besides, of particular interest is the potential to develop 
the graphene-based hybrid systems in various forms, which may open up possibilities 
towards realizing high enrichment through combining large surface area and tunable surface 
interaction. With these in mind, one objective of this thesis is to explore the possibility of 
functionalized graphene sheets as well as graphene-based composites as sorbents combined 
with sorbent-based microextraction techniques to extract pollutants in aqueous samples. 
In an LPME approach, a novel plunge-in-needle LPME technique was developed, which 
integrate extraction and injection in one instrument. In addition, the volume of organic 
solvent cost is almost negligible and thus environmentally friendlier.  
The thesis is reported in six chapters including this section. Chapter 2 is the 
experimental section. In Chapter 3, functionalized graphene sheets used as a sorbent 
material for micro-solid-phase extraction (µ-SPE) to determine 7 polycyclic aromatic 
hydrocarbons (PAHs) used as model compounds are reported. In Chapter 4, a novel 
plunger-in-needle solid-phase microextraction (SPME), with the plunger coated with sol-gel 
graphene, for the determination of polybrominated diphenyl ethers (PBDEs) and UV filters 
in environmental aqueous samples is described. In Chapter 5, the development and 









2.1. General introduction of analytes considered in this work 
2.1.1. Polycyclic aromatic hydrocarbons (PAHs) 
PAHs are a group of fused aromatic ring hydrocarbons that are ubiquitous contaminants in 
the environment. These compounds originate from both natural and anthropogenic sources 
that involve incomplete combustion, aluminum smelting or from the spillage of fossil fuel. 
PAHs are hydrophobic compounds and their persistence in the environment is chiefly due to 
their low water solubility [114]. Generally, PAH solubility decreases and hydrophobicity 
increases with an increase in number of fused benzene rings. In addition, volatility decreases 
with an increasing number of fused rings [115]. On the basis of properties and molecular 
mass of PAHs, two classes, the two- and three-ring and four- to six-ring, of PAHs can be 
distinguished. The low-molecular-mass two- and three-ring PAHs have a signiﬁcant acute 
toxicity, whereas some of the high-molecular-mass PAHs show high carcinogenic and 
mutagenic potentials. Due to their potential or proven carcinogenic, mutagenic and even 
endocrine disrupting [116] properties, some PAHs have been designated by the US 
Environmental Protection Agency (EPA) and European Union (EU) as priority pollutants 
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for monitoring purposes [117]. Table 2-1 outlines the physical-chemical properties of 16 
PAHs promulgated by the USEPA. 
 
Table 2-1 Structure and physical-chemical properties of 16 PAHs 
PAH No. of rings MW log Powa,b Vapour pressure (kPa)a 
Naphthalene 2 128.171 3.29 1.20 × 10-2 
Acenaphthene 3 154.207 3.98 5.81 × 10-4 
Acenaphthylene 3 152.192 4.07 4.00 × 10-3 
Fluorene 3 166.218 4.18 4.16 × 10-5 
Anthracene 3 178.229 4.45 2.26 × 10-6 
Phenanthrene 3 178.229 4.45 9.04 × 10-5 
Pyrene 4 202.25 4.88 3.33 × 10-7 
Fluoranthene 4 202.25 4.9 6.66 × 10-7 
Chrysene 4 228.288 5.16 8.38 × 10-8 
Benz[a]anthracene 4 228.288 5.61 2.93 × 10-9 
Benzo[b]fluoranthrene 5 252.309 6.04 6.66 × 10-8 
Benzo[k]fluoranthrene 5 252.309 6.06 7.86 × 10-12 
Benzo[a]pyrene 5 252.309 6.06 7.45 × 10-10 
Benzo[g,h,i]perylene 6 276.33 6.5 1.39 × 10-11 
Indeno[l,2,3-c,d]pyrene 6 276.33 6.58 1.33 × 10-12 
Dibenz[a,h]anthracene 5 278.346 6.84 1.33 × 10-11 
a Values taken from ref [118]. 
b log Pow: logarithm of octanol/water partition coefficient. 
 
As persistent organic pollutants (POPs), PAHs usually accumulate in soil, sediments, 
surface water, atmosphere as well as organisms. Numerous books and review articles have 
reported the occurrence and distribution of PAHs in the environment [119-121]. PAHs have 
been detected in a wide variety of environmental samples, including air, soil, sediments, 
water, oils, tars and foodstuffs [122]. The traditional pretreatment techniques for the 
extraction of these semi-volatile organic compounds from aqueous samples are LLE 
[123,124] and SPE [124,125]. Although these multistep sample preparation methods do 
have some drawbacks, they are still popular and are routinely implemented in EPA test 
methods [126,127], EU standard methods [128-130] and many laboratories worldwide. As 
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the development of miniaturized sample preparation techniques, PAHs have been 
determined by SPME [131-134], LPME [135,136] and µ-SPE [54], etc. 
 
2.1.2. Polybrominated diphenyl ethers (PBDEs) 
PBDEs have been commonly used as flame retardants in various products such as computer 
plastics, furniture, foams, textile and other materials [137]. Some brominated flame 
retardants are not chemically bound to the plastic or textiles and can eventually be released 
into the environment. In recent years, increasing levels of PBDEs have been detected in the 
global environment as well as in human tissue and other biota. Epidemiological studies have 
shown that PBDEs are causing health risks, such as endocrine disruption and adverse 
neurobehavioral effects, and they are also probable carcinogens [138,139]. Structurally 
similar to dioxin and the polychlorinated biphenyls, PBDEs are known to be persistent and 
can be easily bio-accumulated and difficult to eliminate [140]. Therefore, it is crucial to 
develop a simple, efficient and sensitive preconcentration technique for their determination 
at trace levels. The extraction of PBDEs from environmental water samples has been carried 
out by using LLE [141], SBSE [142,143], cloud point extraction [140] and SPME [144,145] 
coupled with GC with ECD or mass spectrometry (MS) detection. Although SPME is a fast, 
simple, solventless, and an efficient extraction technique, reports on its application for 
PBDEs are limited due to the low operating temperature of commercial SPME fibers, which 
is not high enough for complete desorption of these compounds which have relatively high 
boiling points. 
 
2.1.3. UV filters 
Interest in UV ﬁlters used in sunscreens, cosmetics, and other personal care products has 
increased due to their presence in environmental waters and their potential of endocrine and 
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developmental toxicity [146]. A few UV ﬁlters have been shown to have estrogenic effects 
similar to 17β-estradiol (E2) (a natural estrogen) [147]. Thus more attention should be paid 
to their impact on ecological system and human health. Organic UV ﬁlters, which work by 
absorbing UV radiation, are increasingly used in personal care products, such as sunscreens, 
cosmetics, beauty creams, skin lotions, lipsticks, hair sprays, hair dyes, and shampoos. Most 
sunscreen products contain several UV ﬁlters, often in combination with inorganic 
micropigments. These compounds can enter the aquatic environment directly from 
recreational activities (e.g., swimming and sunbathing in lakes and rivers) or industrial 
wastewater discharges, and also indirectly from showering, washing clothes, etc., via 
wastewater treatment plants. Moreover, the majorities of these are lipophilic compounds 
(low water solubility) and therefore have potential for bioaccumulation and 
biomagnifications via food chains. Some of these compounds have been found in fish 
[148,149] and urine [150]. Therefore, UV filters have been recently labeled as emerging 
contaminants [151]. Levels observed in environmental waters are in the ngL-1 range, not far 
below the doses that cause toxic effects in animals [152]. Giokas et al. have published a 
review on UV ﬁlters, detailing their chemical properties, human absorption, accumulation, 
and excretion, occurrence in the environment, and analytical methods for determining them 
in environmental and biological samples [147].  
As recently reviewed [147,152-158], a number of techniques, including HPLC-diode 
array detection (DAD), GC-MS and LC-MS etc, have been used for the analysis of UV 
filters in different types of samples. Appropriate sample pretreatment is required to achieve 
reliable results, since the concentration levels of UV filters are generally low and the 
matrices they are present in are generally complex.  
The extraction of UV filters in water samples is normally accomplished with SPE 
[147,159]. Although SPE offers considerable advantages over LLE, it still requires 
relatively large sample volumes (from 0.3 to 1 L), a moderate consumption (10–15 mL) of 
organic solvents for analyte desorption, and further clean-up to compensate for its limited 
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selectivity. Miniaturization of solid- and liquid-phase extraction methodologies overcomes 
some of the above limitation. In this way, SPME [42,160-162], SBSE [163], MEPS [164], 
LPME with non-porous membranes [165] as well as in the single-drop modality [166,167], 
and DLLME [168-170] have been applied to the extraction of UV filters from aqueous 
matrices. In most of the above applications, an excellent sensitivity has been achieved; 
however, relatively long extraction steps, fragile extraction devices and/or dedicated 
equipment are required. Among them, those focused on the extraction of UV filters by 
SPME should be mentioned. Negreira [42] and co-workers used SPME with PDMS-DVB 
coated fiber before GC coupled with tandem mass spectrometry (MS/MS) to determine 
salicylate and benzophenones in river water and wastewater samples. Liu [162] has reported 
the use of SPME with PDMS fiber coupling to GC-MS for determination of four UV filters 
in river water samples. 
 
2.2. Chemicals and materials  
The PAH standards (naphthalene (Nap), acenaphthene (Ace), fluorene (Flu), phenanthrene 
(Phe), anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), chrysene (Cry), benz[a]anthracene 
(BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 
indeno[1,2,3-cd]pyrene (InP), dibenz[a,h]anthracene (DBA) and benzo[g,h,i]perylene (BPe)) 
were bought from Supelco (Bellefonte, PA, USA).  
The five PBDE standards (50 mg/L in isooctane for each) were purchased from 
AccuStandard (New Haven, CT, USA) and stored in amber bottles in the refrigerator at 
-20°C. They were 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47), 
2,2’,4,5’-tetrabromodiphenyl ether (BDE-49), 2,2’,4,4’,5-pentabromodiphenyl ether 
(BDE-99), 2,2’,4,4’,5,5’-hexabromodiphenyl ether (BDE-153) and 
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2,2’,4,4’,5,6’-hexabromodiphenyl ether (BDE-154). The structures of the five PBDEs are 
given in Table 2-2. 
 
Table 2-2 Structures of PBDEs considered in this work 
Abbreviation Name Structure 
BDE-47 2,2’,4,4’-tetrabromodiphenyl ether 
 
BDE-49 2,2’,4,5’-tetrabromodiphenyl ether 
 
BDE-99 2,2’,4,4’,5-pentabromodiphenyl ether 
 
BDE-153 2,2’,4,4’,5,5’-hexabromodiphenyl ether 
 
BDE-154 2,2’,4,4’,5,6’-hexabromodiphenyl ether 
 
 
The UV filter standards, including benzophenone (BP), octyl salicylate (OS), 
homosalate (HMS), 3-(4-methylbenzylidene) camphor (4-MBC), 
2-hydroxy-4-methoxybenzophenone (HMB), were purchased from Alfa Aesar (Ward Hill, 
MA, USA). Their chemical structures, pKa and log Pow are summarized in Table 2-3. 
Derivatization reagents BSTFA (containing 1% trimethylchlorosylane) and MSTFA were 
acquired from Thermo scientific (Waltham, MA, USA). 
HPLC-grade methanol, toluene and n-hexane were purchased from Tedia Co. (Fairfield, 
OH, USA). HPLC-grade acetonitrile were obtained from Fisher (Loughborough, UK). 
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Analytical-grade sulfanilic acid, sodium nitrite, hydrochloric acid (HCl, 37%), isooctane 
and HPLC-grade dichloromethane were purchased from Merck (Darmstadt, Germany). 
Sodium borohydride, hydrazine hydrate 100% (hydrazine, 64%) and sodium carbonate were 
obtained from ACROS organics (Geel, Belgium). Sodium chloride (NaCl), supplied by 
GCE laboratory chemicals, was used to adjust the ionic strength. Dimethylformamide (DMF) 
was bought from J.T. Baker (Phillipsburg, NJ, USA). Fluka Analytical (Buchs, Switzerland) 
was the supplier of hydrofluoric acid (HF) (47–51%). TEOS and trifluoroacetic acid (TFA) 
(99%) were bought from Alfa Aesar. 1-octanol and hydroxy-terminated PDMS was 
obtained from Sigma-Aldrich (St Louis, MO, USA). Silicon oil (350-CS) was applied by 
Sino Chemical (Singapore). Ultrapure water was obtained from an ELGA Purelab Option-Q 
(High Wycombe, UK) water purification system. 
A manual SPME holder, and commercial SPME fibers with PDMS (100 μm and 7 μm), 
PDMS-DVB (65 µm), and PA (85 μm) coatings were purchased from Supelco for 
comparison with the plunger-in-needle device in terms of extraction performance. 
Graphite (325 mesh) was obtained from Asbury Carbons (Asbury, NJ, USA). 
Commercial sorbents C8 & C18 were purchased from Alltech (Deerfield, IL, USA) and 
Waters (Milford, MA, USA), respectively. Accurel polypropylene sheet (0.2-μm pore size) 
and the Accurel Q 3/2 polypropylene hollow fiber membrane were purchased from 
Membrana GmbH (Wuppertal, Germany). The inner diameter of the hollow fiber was 600 
µm, the thickness of the wall was 200 µm, and the pore size was 0.2 µm. 
 
 
 Table 2-3 Structures and other relevant data of UV filters 
No. Analyte CAS no. Formula Structure Log P pKa b Selected ions (m/z) 
1 Benzophenone (BP) 119-61-9 C13H10O 
 
3.18 a - 182,105,77 
2 Octyl salicylate (OS) 118-60-5 C15H22O3 
 
5.934±0.245 b 8.13±0.30 195,57,135 
3 Homosalate (HMS) 118-56-9 C16H22O3 
 












3.79 a 7.56±0.35 285,242,300 
a Experimental values, from database of physic-chemical properties. Syracuse Research Corporation: 
http://www.syrres.com/what-we-do/databaseforms.aspx?id=386 
b Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (1994-2011 ACD/Labs), from SciFinder Scholar Database 2007. 
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2.3. Apparatus and instrumentation 
The morphology of the as-synthesized sulfonated graphene sheets was examined using 
transmission electron microscopy (TEM, Philips CM300, Amsterdam, the Netherland). The 
surface composition of the samples was investigated by Fourier transform infrared 
spectroscopy (FT-IR, Varian 3100, Santa Clara, CA, USA) and elemental analysis (EA, 
Elementar Vario Micro Cube, Hanau, Germany). Thermogravimetric analysis (TGA) was 
performed using a Model SDT 2960 Simultaneous DTA-TGA instrument (TA Instruments, 
New Castle, DE, USA). A JSM-6701F Field Emission Scanning Electron Microscope (SEM) 
(JEOL, Tokyo, Japan) was used for the investigation of the surface morphology of the 
sol-gel graphene fiber. The fiber was fixed on the stub by a double-sided sticky tape and 
then coated with platinum by a JFC-1600 Auto Fine Coater (JEOL) for 30 s.  
The plunger-in-needle (with replaceable 26-gauge, 70 mm long needle, 0.47 mm 
internal diameter (I.D.)) microsyringe (1-μL capacity) was purchased from SGE (Ringwood, 
Victoria, Australia). The stainless steel plunger wire was with SAE steel grade of 302. For 
SPME and LPME applications, a replacement needle (23-gauge, 50 mm long needle, 0.63 
mm I.D.) (SGE) was necessary. The latter shorter needle allowed the plunger, particularly 
the graphene-coated tip (of ca. 1.5 cm length) (See Figure 2-1) or solvent-coated tip (of ca. 
2.0 cm length), to be withdrawn into it for protection (during SPME or LPME operations, 
and GC-MS analysis). 
In order to mix the various reagents in solution thoroughly during the sol-gel process, an 
Ultrasonic Cleaner (Elma LC30, Darmstadt, Germany) was used. Another Ultrasonic 
Cleaner (Soniclean 160HT, Thebarton, S.A., Australia) was used to impregnate solvent to 
the HF-etched plunger wire thoroughly. A Vibramax 100 (Heidolph, Kelheim, Germany) 




Figure 2-1 Schematic of the home-assembled SPME device. 
 
All GC-MS analyses were carried out using a Shimadzu (Kyoto, Japan) QP2010 system 
equipped with a Shimadzu AOC-20i auto sampler. Helium was used as carrier gas. A DB-5 
MS fused silica capillary column (30 m × 0.25 mm I.D., film thickness 0.25 μm) (Agilent, 
Santa Clara, CA, USA) was used for 7 PAHs (Nap, Ace, Flu, Phe, Ant, Flt, Pyr) analysis. 
The flow rate of helium was 1.8 mL/min. The GC conditions were as follows: initial oven 
temperature 80°C for 4 min, increased to 260°C at the rate of 10°C/min, then held at 260°C 
for 3 min. The injector and interface temperature was set at 280°C. Injections were in 
splitless mode.  
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A DB-5 MS Ultra Inert fused silica capillary column (20.0 m × 0.18 mm I.D., film 
thickness 0.18 μm) (J&W Scientific, Folsom, CA, USA) was used for PBDEs analyses. A 
flow rate of 1.7 mL/min was employed. SPME was performed under splitless mode and 1 
min sampling time. The injector port temperature was set at 300°C. The GC oven was 
initially held at 60°C for 2 min, and then increased to 220°C at a rate of 40°C/min, and then 
further increased to 300°C at a rate of 10°C/min, and held for 7 min. The MS ion source and 
interface temperatures were set at 260°C and 300°C, respectively. 
For UV filter analysis, a DB-5 MS fused silica capillary column (30.0 m × 0.25 mm I.D., 
film thickness 0.25 μm) (Agilent) was used. The flow rate was 1.7 mL/min. The injector 
port temperature was set at 280°C. The GC oven was programmed as follows: from 110°C 
(2 min) at 20°C/min to 170°C, then at 6°C/min to 210°C, and finally at 25°C/min to 290°C 
(4 min). The MS ion source and interface temperatures were set at 200°C and 280°C 
respectively. The characteristic ions for each analyte are shown in Table 2-3. HMS consists 
of cis- and trans-isomers and 4-MBC consists of geometrical (Z)- and (E)-isomers. Upon 
sunlight exposure, rapid photochemical isomerisation occurs for (Z)- and (E)-isomers, the 
photoequilibration ratios may differ for compound and matrix [163]. Therefore, for 
quantification, the responses of the isomers were combined for assuming the same detector 
response for respective isomers. 
A ZB-5 MS Guardian fused silica capillary column (30 m × 0.25 mm I.D., film 
thickness 0.25 μm) (Phenomenex, Torrance, CA, USA) was used for 10 PAHs (Flt, Pyr, Cry, 
BaA, BbF, BkF, BaP, InP, DBA, BPe) analysis. The flow rate of helium was 1.7 mL/min. 
For PAHs analysis, the GC conditions were as follows: initial oven temperature 70°C for 2 
min, increased to 230°C at a rate of 25°C/min and held for 1 min, and then increased to 
260°C at a rate of 10°C/min, and then further increased to 285°C at a rate of 5°C/min, and 
held for 7 min. The injector temperature was set at 295°C. Injections were in splitless mode. 
The GC/MS interface was maintained at 300°C. Solvent cut time was 5 min. For toluene 
analysis, the GC conditions were set as: initial temperature 70°C for 1 min and increased to 
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100°C at a rate of 7°C/min and held for 5 min. The injector temperature was 295°C. 
Injection mode was chosen as split with split ratio of 20. Interface temperature was set as 
150°C. Solvent cut time was 1 min. All standard and samples were analyzed in selective ion 







Evaluation of sulfonated graphene sheets 
as sorbent for micro-solid-phase extraction 
of PAHs 
3.1. General considerations 
In the present work, we used a procedure reported by Samulski [171] to prepare 
functionalized graphene sheets and for the first time use them as a μ-SPE sorbent. Although 
mechanical exfoliation of graphite can provide pristine graphene, the yield of the product is 
so limited that it is not suitable for large-scale application. The reduction of exfoliated 
graphite oxide is one approach to obtain (functionalized) graphene in bulk. During this 
process, the prevention of aggregation is of particular importance for processability and 
applications of graphene because most of its attractive properties are only associated with 
individual graphene sheets. In Samulski’s method, the reduction of exfoliated graphite oxide 
can realize bulk production; in addition, the introduction of a small number of 
p-phenyl-SO3H groups into the graphene oxide before it is fully reduced can greatly 
overcome their aggregation, which is also the reason that we chose sulfonated graphene but 
not graphene for direct use in μ-SPE. In this study, the sulfonated graphene material was 
evaluated as a sorbent in μ-SPE. Seven PAHs as indicated in Chapter 2 were considered as 
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model compounds to determine the feasibility of this novel microextraction approach. After 
optimization of the extraction conditions, the developed method was applied to river water 
in combination with GC-MS analysis. 
 
3.2. Sample preparation 
Stock PAH solutions (0.2 mg/mL each of analytes) were prepared in pure methanol and 
stored in the dark at 4°C. Water samples were prepared by spiking ultrapure water with the 
analytes at known concentrations (generally 100 μg/L) to study extraction performance 
under different conditions. 
Fresh genuine water samples were collected from the Singapore River and stored in 
aluminium foil-wrapped glass bottles in the dark at 4°C. They were processed and analyzed 
directly or after being spiked with PAHs at a concentration of 5 μg/L. Samples were not 
filtered prior to processing. 
 
3.3. µ-SPE procedure 
3.3.1. Synthesis of functionalized graphene sheets 
The functionalized graphene sheets were prepared from natural graphite flake using a 
chemical exfoliation method, which has been reported in detail by Samulski [171]. Graphite 
oxide was synthesized from natural graphite flakes by Hummer’s method [172].  
The procedure to synthesize Graphene 1 (G1) was detailed as follows. A clear, brown 
dispersion of graphene oxide was prepared from 75 mg graphite oxide dispersed in 75 g 
water, which was subjected to 1 hour of sonication. Sulfonated graphene was prepared from 
graphene oxide in three steps [171]: (1) pre-reduction of graphene oxide with sodium 
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borohydride to remove the majority of the oxygen functionality; (2) sulfonation with the 
aryl diazonium salt of sulfanilic acid; and (3) post-reduction with hydrazine to obtain lightly 
sulfonated graphene sheets, soluble in water/DMF. In the pre-reduction step, 600 mg 
sodium borohydride in 15 g water was added into the dispersion of graphene oxide after its 
pH was adjusted to 9-10 with 5% wt sodium carbonate solution. The mixture was then kept 
at 80°C for 1 hour under constant stirring. During this process, the dispersion turned from 
dark brown to black. After centrifuging and rinsing with water several times, the partially 
reduced graphene oxide can be redispersed in 75 g water via mild sonication. The aryl 
diazonium salt used for sulfonation was prepared from the reaction of 46 mg sulfanilic acid 
and 18 mg sodium nitrite in 10 g water and 1 g HCl solution (1 mol/L) in an ice bath. The 
obtained diazonium salt solution was then added to the dispersion of partially reduced 
graphene oxide in an ice bath under constant stirring. This mixture was kept in ice bath for 2 
hours. After centrifuging and rinsing with water several times, the collected sulfonated 
graphene oxide product was redispersed in water (75 mL). In the post-reduction step, 8 g 
hydrazine hydrate (25% wt) was added into the dispersion and the reaction mixture was kept 
at 100°C for 24 hours under constant magnetic stirring. A few drops of 5% wt sodium 
carbonate solution were then added into the mixture to precipitate the lightly sulfonated 
graphene. After rinsing with water several times, the final product was collected and dried at 
100°C in oven. 
The synthesis procedure for G2 was similar to that for G1, except for the increase in the 
amount of reagents used. It is noted that the amount of HCl remained unchanged. For the 
synthesis of G2, 150 mg graphite oxide was dispersed in 150 g water. After sonication, 1200 
mg sodium borohydride in 30 g water was added to the dispersion for partial reduction. For 
the sulfonation of the partially reduced graphene oxide, a diazonium salt solution was 
prepared from the reaction 92 mg sulfanilic acid and 36 mg sodium nitrite in 20 g water and 
1 g HCl solution (1 mol/L) in an ice bath. In the final reduction, 16 g hydrazine hydrate (25% 
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wt) is added into the dispersion and the reaction mixture was kept at 100°C for 24 hours 
under constant stirring. 
 
3.3.2. Preparation of μ-SPE device  
The μ-SPE device consists of sorbent materials enclosed within a polypropylene membrane 
sheet envelope (~1.0 cm × 0.8 cm) as previously described [49,50]. Briefly, a membrane 
sheet was folded and 2 of its open edges were then heat-sealed, leaving one opening. 
Sorbent (1 mg) was introduced into the resulting membrane envelope via the remaining 
open end that was then heat-sealed to secure the contents. Each device was cleaned by 
ultrasonication in methanol for 10 min and stored in clean methanol until use. Before use, 
the device was conditioned by ultrasonication in dichloromethane for 1 min and then in 
ultrapure water for 2 min [49]. The m-SPE envelope was then placed in a 20 mL water 
sample, and stirred at 1000 rpm. After extraction (30 min), the m-SPE device was removed, 
rinsed in ultrapure water, dabbed dry with lint-free tissue and transferred to a micro-vial 
containing 150 mL desorption solvent and sonicated in a ultrasonic water bath to desorb the 
analytes from the sorbent. This final extract was directly introduced (1 μL injection) into the 
GC-MS system for analysis. 
 
3.4. Results and discussion 
3.4.1. Characterization of functionalized graphene sheets 
TEM images of a single graphene sheet for G1 and G2 are shown in Figure 3-1. They 
appear transparent and are a little folded with isolated small fragments of graphene on their 
surfaces. The FT-IR spectra of the prepared materials are shown in Figure 3-2. The 
spectrum of graphite oxide illustrates the presence of C-O (υC-O at 1055 cm-1), C-O-C (υC-O-C 
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at 1223 cm-1), C-OH (υC-OH at 1369 cm-1), and C=O in carboxylic acid and carbonyl moieties 
(υC=O at 1725 cm-1) [171]. The peak at 1622 cm-1 could be due to skeletal vibrations of 
unoxidized graphitic domains [173]. After pre-reduction, sulfonation and the final reduction 
with hydrazine, the peaks at 1055 cm-1, 1223 cm-1 and 1369 cm-1 are weakened in lightly 
sulfonated graphene (G1 and G2). The small peaks at 1170 cm-1 and 1120 cm-1 ( two υS-O) 
and 1034 cm-1 (υS-phenyl) indicate the presence of a sulfonic acid group in G1 and G2 
[171,174]. Elemental analysis confirms the presence of small sulphur content in both G1 
and G2, with S:C atomic ratio of 1:28 and 1:44 respectively. After post-reduction with 
hydrazine, a slight loss of sulfonic acid groups occurred that there was a decrease of the S:C 
ratio from 1:23 to 1:28 and from 1:35 to 1:44 for G1 and G2 respectively, which was 
consistent with Si and Samulski’s result [171]. These results indicate that graphite oxide 




Figure 3-1 TEM images of partially folded sulfonated graphene sheets. (a) G1, (b) G2. 
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Figure 3-2 FT-IR spectra of graphite oxide, G1 and G2. 
 
3.4.2. Comparison with C8 and C18 
As silica-based sorbents, C8 and C18 have been found to be advantageous in the extraction 
of non-polar organic compounds compared with carbon black, and been successfully used as 
extraction materials in μ-SPE [52]. C18 has been used in EPA method for the determination 
of PAHs in drinking water [124]. Therefore, C18 and C8 were chosen to compare with 
sulfonated graphene sheets for extracting apolar PAHs. 
Two kinds of sulfonated graphene sheets named G1 and G2, differing in sulfur content, 
were compared with commercially available sorbents, C8 and C18. The extraction 
comparison was conducted on a same sorbent weight basis, i.e., 1 mg for each sorbent. 
From Figure 3-3, it can be clearly seen that for all analytes, the graphene sorbents show 




Figure 3-3 Comparison of the extraction efficiency of sulfonated graphene (G1 and G2) with 
commercial C8 and C18 for PAHs at 100 μg/L. Conditions: sample volume, 20 mL; extraction 
time, 30 min; desorption time, 10 min; desorption solvent, 150 μL toluene; magnetic stirring, 
1000 rpm. Error bars show the standard deviation (n = 3). 
 
The graphene sheets possess a planar hexagonal array of carbon atoms, thereby 
providing a larger surface and higher π-π electrostatic interaction with the benzene rings of 
the PAHs, in a similar way as the strong interactions between dioxin and the surface of 
carbon nanotubes [67]. Furthermore, the introduction of p-phenyl-SO3H groups into 
graphene oxide before it is fully reduced to graphene, can improve the solubility of 
graphene in water and the presence of negatively charged -SO3- group introduces 
electrostatic repulsion that prevents any aggregation [171]. From the EA results, the sulfur 
content in G1 was found to be higher than that in G2, which indicated a higher degree of 
sulfonation in G1. This could lead to increased surface area available for adsorption of 
PAHs, resulting in better extraction efficiency for G1 compared to G2 as indicated in Figure 
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3.4.3. Optimization of μ-SPE  
The objective of the optimization procedure was to obtain maximum analyte recovery. The 
parameters investigated here were types of desorption solvent, extraction time, and 
desorption time. Optimization experiments were performed at least with triplicate 
extractions (as indicated by n in figure captions where applicable). 
 
3.4.3.1. Effect of the desorption solvent 
Methanol, acetonitrile, hexane and toluene were investigated as desorption solvent for 
the PAHs after μ-SPE with 10 min desorption. μ-SPE was conducted on a 20 mL aqueous 
solution spiked at 100 μg/L of each analyte at a stirring speed of 1000 rpm. The results are 
shown in Figure 3-4. Possibly, due to the high volatility of hexane (vapor pressure of 
128mmHg, as compared to 23.2 mmHg for toluene at 21°C [175]), this solvent gave 
variable results (not shown).  
 
 
Figure 3-4 Effect of desorption solvent on µ-SPE. Extraction conditions: 100 μg/L PAHs spiked 
solution; sample volume, 20 mL; extraction time, 30 min; desorption time, 10 min; magnetic 


















It may be observed from Figure 3-4 that toluene gave better desorption results in terms 
of peak areas of analytes, though acetonitrile may also be considered (since it is more 
compatible with RP-HPLC). The strong interaction between the analytes and toluene may 
be attributed to the hydrophobic interactions between them. Generally, PAH hydrophobicity 
increases with an increase in number of fused benzene rings [122]. The hydrophobicity of 
the solvents may be compared in terms of the log n-octanol/water partition coefficient 
(log Pow). Toluene has a log P value of 2.69, compared to that of -0.82 and -0.34 for 
methanol and acetonitrile, respectively [175]. Hence, toluene was conceivably able to 
solubilize hydrophobic PAHs better than methanol and acetonitrile for lighter PAHs (Nap to 
Flu with log P = 3.29-4.18). For heavier PAHs, acetonitrile was observed to be comparable 
to toluene in terms of desorption efficiency. This may be due to the π–π interaction between 
its lower unoccupied molecular orbital and the higher occupied molecular orbital of the 
PAH aromatic rings [176]. For heavier PAHs, with more fused benzene rings, the π–π 
interaction between PAHs and acetonitrile may be more favorable than the hydrophobic 
interaction between PAHs and toluene, leading to a slightly better desorption efficiency. 
Based on the above discussion, toluene was chosen as the desorption solvent due to better 
stability and desorption efficiency for the lighter PAHs. 
 
3.4.3.2. Effect of the extraction time 
Like SPME, μ-SPE, is an equilibrium-based rather than exhaustive extraction procedure. 
The extraction time profile was studied from 10 to 60 min, as shown in Figure 3-5. It can be 
seen that different compounds exhibited varying responses to different extraction times 
because, based on their molecular weights, they likely have different diffusion coefficients 
[132]. Most of the analytes achieved high extraction efficiency after 60 min except for Nap, 
which showed a drop in the peak area response. This could be due to the volatility of Nap, 
which has the lowest molecular weight among the PAHs. All of the analytes showed a 
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decrease in extraction efficiency when the extraction was performed for 40 min (compared 
to 30 min). The reduction in extraction efficiency may be contributed by the effect of 
back-extraction that arises due to prolonged period of extraction [117]. The reduction was 
observed to vary with different analytes according to the molecular weight. Lighter PAHs, 
such as Nap, Ace and Flu, were observed to show a greater reduction in extraction 
efficiency at 40 min while heavier PAHs, such as Phe, Ant, Flt and Pyr, displayed a smaller 
extent of reduced extraction efficiency. This may be reflective of the different solubility and 
volatility of the PAHs with different molecular weights. 
Although 60 min gave the highest extraction efficiency for the analytes, for reasons of 
practicality, 30 min was selected as extraction time for subsequent experiments, since the 
difference between extraction at 30 min and 60 min was not significant. 
 
 
Figure 3-5 Effect of extraction time on µ-SPE. Extraction conditions: 100 μg/L PAHs spiked 
solution; sample volume, 20 mL; desorption time, 10 min; desorption solvent, 150 μL toluene; 


























3.4.3.3. Effect of the desorption time 
A series of desorption time from 5-60 min was investigated. Figure 3-6 depicts the 
relationship between chromatographic signal and desorption time. A 10-min desorption time 
appeared to be the optimum for all analytes. A longer period of desorption time did not yield 
any significant increase in the response, but a decrease, which became relatively constant 
after 30 min. Prolonged desorption time might conceivably lead to re-adsorption of the 
analytes. This is a common observation that has been reported in other μ-SPE studies [48], 
[54] and [117]. Therefore, 10 min was chosen as desorption time. After the first desorption, 
the used μ-SPE device was further desorbed in toluene for another 10 min and analyzed 
under the same conditions to test carryover. The observation that no analytes were detected 
confirmed the absence of carryover, or at least that the carryover was negligible. 
 
 
Figure 3-6 Effect of desorption time on µ-SPE. Extraction conditions: 100 μg/L PAHs spiked 
solution; sample volume, 20 mL; extraction time, 30 min; desorption solvent, 150 μL toluene; 






















Based on the above discussion, the most suitable extraction conditions were: 20 mL 
sample solution, 30 min extraction time, and desorption by toluene (150 μL) with sonication 
for 10 min. All the following experiments were carried out under these conditions. 
 
3.4.4. Method evaluation  
Linearity, repeatability, precision, limits of detection (LODs) and limits of quantitation 
(LOQs) were evaluated in order to assess the performance of μ-SPE with the graphene 
sorbent, as illustrated in Table 3-1. The calibration study was performed using spiked 
ultrapure water samples. The coefficient of determination (r2) values were higher than 0.992 
in the concentration range of 0.05–100 μg/L for naphthalene and 0.01–100 μg/L for the 
remaining PAHs, so a directly proportional relationship between the extracted amount of 
compounds and the initial concentration in the sample was demonstrated. This allowed the 
quantification of these compounds in the real water samples within their respective linear 
ranges. The precision of the procedure was evaluated at 5 μg/L spiked concentration level 
by calculating the percentage relative standard deviation (%RSD). The intra-day and 
inter-day RSD values were lower than 9.0% and 11.2%, respectively. LODs were calculated 
based on peak height and at a signal-to-noise (S/N) ratio of 3 by progressively decreasing 
the analyte concentration in the spiked sample, which were from 0.8 to 3.9 ng/L. LOQs 
were calculated at an S/N ratio of 10, ranging from 2.7 to 12.9 ng/L. These results were 
compared with previously reported values [177], [178], [134] and [179], in which PAHs 
were extracted by solid-phase nanoextraction (SPNE) [177], SPME [134] and SPE 
[178,179], with HPLC or GC–MS analysis, as summarized in Table 3-2. The present 
method gave comparable LODs with a relatively small amount of the graphene sorbent. 
 
53 
Table 3-1 Regression data, LODs and LOQs of analytes 
Table 3-2 Comparative data of the developed method with other solid-phase extraction 
approaches and HPLC or GC-MS analysis of PAHs in water samples 
aNumber of PAHs studied in each approach; only those studied in the present work were 
considered. 
bC18 as a comparative sorbent. 
 
3.4.5. Application to water samples  
Natural water from the Singapore River was used as samples for evaluating the μ-SPE 
approach developed in this work. The results are shown in Table 3-3. The concentration of 








RSDa    
(%, n = 5) 
Inter-day 
RSDa   





Nap 0.05-100 0.9958 1.0 2.9  3.9 12.9 
Ace 0.01-100 0.9925 6.5 8.8  2.1 7.0 
Flu 0.01-100 0.9931 6.6 10.5  2.7 8.8 
Phe 0.01-100 0.9959 9.0 11.2  1.4 4.7 
Ant 0.01-100 0.9964 2.6 6.6  2.6 8.7 
Flt 0.01-100 0.9974 6.8 7.3  0.8 2.7 
Pyr 0.01-100 0.9970 4.3 7.4  1.5 4.9 
a Calculated from a sample spiked at a level of 5 μg/L. 
 
Parameters  SPNE [177] SPE [178] SPME [134] SPE [179] Present study 















HPLC-UV GC-MS GC-MS GC-MS 
LODs (ng/L) 0.9-58 5-36/9-49b 1-20 2.0-3.5 0.8-3.9 
Number of PAHs a 7 6 7 7 7 
54 
not quantified. Their presence was further confirmed by spiking PAH standards into a river 
water sample at concentration levels of 5 μg/L of each compound and reanalyzing it after 
μ-SPE (Figure 3-7).  
To evaluate the accuracy of the proposed method, the relative recovery test was 
performed by spiking PAH standards into river water at 5 µg/L levels of each compound. 
The relative recovery is defined as 
Relative recovery (%) =                    × 100%              (3.1) 
where C         is the measured concentration of spiked river water by external 
calibration method. C       is the measured concentration of river water by an external 
calibration method and Cs is the spiked concentration. As shown in Table 3-3, the relative 
recoveries ranged from 81.6% to 113.5%. The RSDs for them were less than 11.3%, 
implying the established method is reliable for and applicable to, real sample analysis. 
 




Unspiked river water River water spiked at 5 µg/L 
Concentration (µg/L) RSD(%, n = 3) Relative recovery (%) RSD(%, n = 3) 
Nap 0.11  11.1 113.5  4.1  
Ace <LOQa  112.1  4.7  
Flu <LOQ  106.5  3.0  
Phe <LOQ  91.3  9.5  
Ant <LOQ  96.3  1.2  
Flt <LOQ  81.6  5.7  
Pyr <LOQ  84.8  11.3  
a Below the limit of quantification.  
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Figure 3-7 GC-MS-SIM traces of extracts of (a) unspiked river water sample, (b) river water 
sample spiked with PAH standards at a concentration level of 5 μg/L. Conditions: sample 
volume, 20 mL; extraction time, 30 min; desorption time, 10 min; desorption solvent, 150 μL 
toluene; magnetic stirring, 1000 rpm. Peak identities: 1: Nap; 2: Ace; 3: Flu; 4: Phe; 5: Ant; 6: 
Flt; 7: Pyr. 
 
3.5. Conclusions 
For the first time, sulfonated graphene sheets (in powder form) were synthesized and 
preliminarily investigated as a novel sorbent for μ-SPE. Although small quantities (1 mg) of 
sorbent were used, this new material exhibited excellent extraction capability for 7 PAHs 
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used as test compounds from water samples. The enrichment by Graphene 1, with slightly 
higher sulfur content, was significantly higher than what was achieved by C8 and C18 
sorbents under the most favorable extraction conditions. The method showed good precision, 
reproducibility and linear response over a concentration range of 0.05-100 μg/L or 0.01-100 
µg/L with coefficient of determination (r2) of higher than 0.992. Limits of detection of from 
0.8 to 3.9 ng/L for 7 PAHs were achieved. The developed method was successfully applied 
to determine PAHs in river water samples. Therefore, we can expect that graphene-based 
materials would show high extraction ability towards other hydrophobic benzenoid-form 
compounds via strong π-π interaction if well dispersed graphene sheets are available. To 
increase the extraction performance of graphene, structural and compositional modifications 
are required to retain its intrinsic high surface area. Further development relating to this was 







microextraction with graphene-based 
sol-gel coating as sorbent for the 
determination of environmental aqueous 
contaminants 
4.1. General considerations 
In this chapter, a novel SPME technique based on a plunger-in-needle microsyringe using 
the plunger wire as coating support (see Figure 2-1 in Chapter 2) and graphene as sorbent is 
described. The sol-gel technique was used as the coating method to create a porous structure 
and enhance thermal stability of the coating. The feasibility and applicability of this novel 
SPME was evaluated by extracting and determining, by GC-MS, five PBDEs and five UV 
filters in water samples. After optimization, the developed method was applied to the 
determination of trace PBDEs in canal water samples and UV filters in river water samples, 
respectively. 
PBDEs are non-polar and semi-volatile compounds and can be detected directly by 
GC-MS. Due to the high polarity of UV filters, on-fiber silylation was employed to enhance 
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their sensitivity of GC-MS analysis. For simultaneous determination of five UV filters, in 
order to optimize plunger-in-needle SPME, orthogonal array experimental designs were 
employed to simultaneously evaluate six factors including pH, salt concentration, extraction 
time and temperature, stirring speed, sampling mode in the preliminary optimization. The 
theory and methodology for orthogonal array design (OAD) as a chemometric method for 
the optimization of analytical procedures have been described in detail elsewhere [180-184]. 
The experimental results can then be evaluated by an analysis of variance for determining 
the main significant factors and two-way interaction factors. According to previously 
published research on SPME [185-188] and preliminary screening of significant factors with 
OAD [189,190], in the present study, possible interactions between the variables of 
plunger-in-needle SPME were not investigated and the focus was placed on the main effects 
of the six independent variables. Subsequently, the concerned parameters were further 
investigated with a univariant approach, since it (univariant approach) was found to be 
sufficient.  
The exploration of the extraction of sol-gel graphene to two different kinds of 
compounds has broadened the application range of the plunger-in-needle SPME with sol-gel 
graphene coating from non-polar to lightly polar benzenoid compounds. The 
plunger-in-needle microsyringe approach represents a ready-made tool for in-house SPME 
implementation.  
 
4.2. Sample preparation 
A mixed PBDE standard solution (containing 10 mg/L of each analyte) was prepared by 
combining the five standards (each at 50 mg/L in isooctane). The standard mixture was used 
for the preparation of subsequent standards (using hexane as solvent) and a stock solution of 
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0.1 mg/L (in methanol). Working standard samples were prepared by spiking the latter 
solution into ultrapure water at different known concentrations.  
The individual stock standard solutions of 1 mg/ml for each UV filter were prepared by 
dissolving 0.0100 g of each standard in methanol in a 10 mL volumetric flask. A mixed 
standard solution (containing 10 mg/L of each UV filter) was prepared by combining the 
five stock standards and then diluting in methanol. Working standard samples at different 
concentrations were freshly prepared by appropriate dilution of the mixed standard solution 
with ultrapure water. All solutions were stored in the dark at 4°C. 
Canal water samples collected in Singapore was first filtered with 0.22 μm glass 
microfiber filter papers (Whatman, Maidstone, England) to remove any particulate matter 
and stored in an aluminum-wrapped glass bottle. It was then kept in the dark at 4.0 °C 
before analysis. 
River water samples were collected from the Singapore River and stored in an aluminum 
foil-wrapped glass bottle. They were not filtered prior to processing. It was then kept in the 
dark at 4 °C before use. 
 
4.3. Plunger-in-needle SPME procedure 
4.3.1. Plunger-in-needle SPME fiber preparation 
Graphite oxide, which was prepared based on modified Hummer’s method [191], has been 
previously described in detail [192]. The modification was basically on smaller amounts of 
reagents used. The sol-gel mixture was prepared as follows: 2 mg of graphite oxide was 
dissolved in 100 μL of DMF in a 1.5 mL micro-centrifuge tube. The mixture was then 
sonicated for 2 hours by ultrasonic agitation. This process would result in the formation of 
dispersed graphene oxide (GO) from the dissolved graphite oxide. Then, 350 μL of TEOS, 
functioning as sol-gel precursor, and 50 μL of hydroxy-terminated PDMS were added and 
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sonicated for 20 min. The hydroxy-terminated PDMS serves to enhance the sol-gel network. 
Finally, 50 μL of TFA (acid catalyst, 95% water solution) was added and mixed thoroughly 
for another 5 min. The final mixture was then used for coating the fiber. 
The stainless steel plunger was first cleaned with a lint free tissue and immersed in HF 
for 15 min at room temperature. The process of etching is to create a rough and porous 
surface so as to allow the formation of a stable network of sol-gel coating. The etched part 
of the plunger was washed gently with ultrapure water and dried under room temperature 
for 1 hour. The etched stainless steel plunger was then dipped vertically into the sol solution 
to a depth of ca. 1.5 cm and held for 1 hour for the formation of the sol-gel coating. The 
thickness of the sol-gel film could be controlled by varying the duration of coating as well 
as etching. The coated plunger was then dried at room temperature for 24 h. The fiber was 
initially conditioned by placing it in a second GC injector at 100°C for 1 h, and then 
conditioned at 300°C for another 2 h. At this high temperature, the oxygen functional 
groups present in graphene oxide were removed [192,193], thereby forming the 
homogenous graphene-based fiber. The final thickness of the fiber was approximately 8 μm. 
 
4.3.2. Extraction of PBDEs 
A volume of 7 mL of sample solution was placed in an 8 mL glass vial with a stir 
bar. The vial was then immersed in a thermostatic silicon oil bath at 60°C. During the 
plunger-in-needle SPME, the fiber was directly exposed to the aqueous sample for 20 min at 
1000 rpm stirring rate. After extraction, the fiber was retracted into the needle and inserted 
into the GC injector at 300°C for analyte desorption for 5 min. Conventional SPME with 
commercial fibers (100-μm PDMS, 7-μm PDMS and 85-μm PA) was carried out in the 
same way. Detailed reasons for choosing these fibers are discussed in section 4.4.3.2. 
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4.3.3. Extraction of UV filters 
Extractions were performed by direct immersion plunger-in-needle SPME from a 7 mL 
aqueous standard solution, previously adjusted at pH 5. The sample was placed in an 8 mL 
glass vial, and extraction was for 40 min at ambient temperature (25°C) under 1000 rpm 
stirring speed. After extraction, the fiber was exposed to the HS of a vessel containing 40 
µL of MSTFA. On-fiber silylation of salicylates and HMB was performed at 45°C for 15 
min. Conventional SPME with commercial fibers (65-μm PDMS-DVB, 100-μm PDMS and 
85-μm PA) was carried out in the same way. Detailed reasons for choosing these fibers are 
discussed in section 4.4.4.3. 
 
4.4. Results and discussion 
4.4.1. Characteristics of the sol-gel graphene fiber 
Atomic Force Microscopy (AFM) image of GO was taken with Dimension 3100, Digital 
Instruments, Veeco Metrology Group (NY, USA). The sample was prepared by spin-coating 
of the GO solution (1 mg/mL) onto a SiO2/Si substrate and left to dry in ambient air. The 
result is shown in Figure 4-1. The thermal degradation characteristics of GO and sol-gel GO 
were evaluated by TGA. As can be seen from Figure 4-2, the weight losses of GO at 100°C 
and 200°C are attributed to the removal of water and the decomposition of GO functional 
groups. After GO was conditioned at 100°C for 1 h and at 300°C for another 2 h, the weight 
loss of GO was ~50%. As reflected by Figure 4-2, the conditioning of sol-gel GO at 300°C 
for another 2 h resulted in much increased thermal stability. There was no significant loss 
detected when this material was heated up to 500°C. This is consistent with the fiber’s 









Figure 4-2 Thermogravimetric analysis (TGA) curves of sol-gel GO at heating rate 10 °C/min 
under nitrogen gas. To condition the materials, they were heated at 100°C for 1 h, and at 300°C 






















Figure 4-3 SEM images of original stainless steel plunger wire, HF etched plunger wire and 
sol-gel graphene coated plunger wire: (a) cross-sectional view of original stainless steel plunger 
wire; (b) longitudinal view of original stainless steel plunger wire; (c) cross-sectional view of 
HF etched plunger wire; (d) longitudinal view of HF etched plunger wire; (e) cross-sectional 
view of sol-gel graphene coated plunger wire; (f) longitudinal view of sol-gel graphene coated 
plunger wire. 
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The morphological structure of the original stainless steel plunger wire is shown in 
Figure 4-3a and 4-3b. The longitudinal surface (Figure 4-3b) was smooth. After etching by 
HF, there was an obvious reduction in diameter (Figure 4-3c) and a porous structure of the 
plunger wire was obtained (Figure 4-3d). The SEM micrograph in Figure 4-3e provided an 
estimated film thickness of 8 μm after coating of the sol-gel material. It is also evident that 
the coating possessed a porous network (Figure 4-3f), which should significantly increase 
the available surface area on the fiber, thus enhancing extraction efficiency. 
 
4.4.2. Operational stability 
 
 
Figure 4-4 Thermal stability of sol-gel graphene coated fiber. PBDEs at 1.0 µg/L. Conditions: 
NaCl addition, 0 %; extraction time, 20 min; extraction temperature, 60°C; stirring rate, 1000 
rpm; desorption time, 5 min. Error bars show the standard deviation of triplicate extractions. 
 
The thermal stability of the sol-gel graphene fiber was investigated by performing extraction 






















The results (Figure 4-4) indicated that sol-gel graphene coating can withstand a temperature 
of up to 340°C without loss of extraction efficiency. 
Such a high operating temperature achieved is due to the thermal stability of graphene 
and the strong chemical bonding provided by sol-gel technology, which can be confirmed 
by thermogravimetric analytical results of sol-gel GO, as discussed above. The enhanced 
thermal stability allowed the use of a higher injection port temperature for efficient 
desorption of semivolatile analytes and thus extended the range of analytes. The fiber 
lifespan was studied by monitoring the change of extraction peak areas during its use and no 
obvious decline was observed after it had been used for about 200 runs. 
 
4.4.3. Determination of PBDEs in canal water 
4.4.3.1. Optimization of direct SPME procedures 
In order to achieve the best extraction efficiency of the new coating for 5 PBDEs (see Table 
2-2 in Chapter 2), several parameters, including salting-out effect, extraction temperature, 
extraction time and desorption time, were investigated. The experiments were performed at 
least with triplicate extractions (as indicated by n in figure captions where applicable). 
Water samples used for these studies were prepared containing 1.0 μg/L of each PBDE. 
 
4.4.3.1.1. Salting-out effect  
Addition of salt can affect the amount of analytes extracted, depending on the types of 
analytes, the type of SPME fiber and the concentration of salt. The presence of salt may 
change the activity coefficients of the analyte in the aqueous phase and thus alter extraction 
efficiency. Nevertheless, it could increase the viscosity and density of the aqueous phase 
and thus negatively affect the kinetics of the process and, consequently, the extraction 
66 
efficiency. In summary, the addition of salt might be favorable from a thermodynamic point 
of view but unfavorable from a kinetic point of view [194]. Here, the salt effect on 
extraction was evaluated at various concentrations of NaCl (0, 5, 15, 30%, weight (w, 
g)/volume (v, mL)) in 7 mL of water containing PBDEs at 1.0 µg/L. Figure 4-5 shows that 
salt addition had negative effect on extraction performance, corroborating the results of 




Figure 4-5 Effect of NaCl addition. Conditions: extraction time, 10 min; extraction temperature, 
60°C; stirring rate, 1000 rpm; desorption time, 10 min. Error bars show the standard deviation  
(n = 3). 
 
4.4.3.1.2. Effect of the extraction temperature  
The temperature effect on extraction was investigated within 30-90°C as shown in Figure 
4-6. The highest extraction of BDE-47 and BDE-49 was reached at approximately 60°C 




















as temperature increased, indicating a higher optimum temperature beyond 90°C. Ideally, 
mass transfer occurs from the aqueous phase to sol-gel graphene fiber. This process is 
usually enhanced by high temperature and, in this way, improves extraction efficiency 
(subject to a certain maximum since the adsorption process is exothermic). However, the 
analytes are also in some degree distributed into the headspace of extraction vials under 
high temperature, due to the semivolatile properties of PBDEs. This may lead to reduced 
availability of these compounds to the fiber and consequently, resulting in decreased 
extraction efficiency. The lowest points at 45°C might be a result of these conflicting effects. 
That is to say, the effect of analytes distributing to the headspace at this temperature is 
conceivably the dominant contributory factor compared to adsorption to the fiber. 
Considering the pressure limits of the glass vials and higher extraction efficiency for all the 
five PBDEs, an extraction temperature of 60°C was chosen. 
 
 
Figure 4-6 Effect of the extraction temperature to 1.0 µg/L PBDEs in a water sample. 
Conditions: NaCl addition, 0%; extraction time, 10 min; stirring rate, 1000 rpm; desorption time, 























4.4.3.1.3. Effect of the extraction time  
As mentioned above, SPME is an equilibrium-based extraction procedure and therefore a 
time-dependent process. The extraction times of these analytes were investigated from 
10-60 min (at 20-min intervals) at 60°C. PBDEs are semivolatile compounds. It is believed 
that with increasing extraction time, the probability of the semivolatile compounds 
partitioning to the headspace is enhanced at this high temperature, thus making them 
unavailable for extraction. As shown in Figure 4-7, extraction efficiency decreased after 20 
min. A reduction in extraction beyond a certain extraction time is a common observation in 




Figure 4-7 Effect of the extraction time to 1.0 µg/L PBDEs in a water sample. Conditions: NaCl 
addition, 0 %; extraction temperature, 60°C; stirring rate, 1000 rpm; desorption time, 10 min. 

























4.4.3.1.4. Effect of the desorption time 
Desorption time could affect the responses of the target analytes significantly, especially for 
compounds with high boiling point. A short desorption time could introduce carry over 
effect while a long desorption time could degrade the fiber and shorten its lifetime. In this 
work, the effect of desorption time was investigated at 1, 2, 4, 5 and 10 min at 300°C. The 
chromatographic peak areas for all the five PBDEs reached their respective maxima (results 
not shown) after 5 min. 
 
4.4.3.2. Comparison with commercial SPME fibers  
 
 
Figure 4-8 Comparison of the extraction efficiency of the sol-gel graphene fiber with 
commercial 100 µm PDMS fiber, 7 µm PDMS fiber and PA fiber for PBDEs at 1.0 µg/L. 
Conditions: NaCl addition, 0 %; extraction time, 20 min; extraction temperature, 60°C; stirring 
rate, 1000 rpm; desorption time, 5 min. Error bars show the standard deviation (n = 3). 
 
The target analyte are aromatic compounds that are slightly polar and semivolatile. A 
commercially available 100 μm PDMS fiber has a low recommended operating temperature 
























Figure 4-9 GC-MS traces obtained by the developed method from an aqueous standard solution 
containing 1.0 µg/L of each PBDE. Conditions: NaCl addition, 0 %; extraction time, 20 min; 
extraction temperature, 60°C; stirring rate, 1000 rpm; desorption time, 5 min. Peaks: 1: BDE-47; 
2: BDE-49; 3: BDE-99; 4: BDE-154; 5: BDE-153. (Data were collected during the 10.70-11.45 
min, 12.80-13.17 min and 13.50-17.00 min retention time windows.) 
 
(7-μm thickness) has a higher operating temperature (maximum: 340°C) and is more 
effective for non-polar semivolatiles. On the other hand, PA is a polar coating; nevertheless, 
good results have been obtained previously in the extraction of low-polarity species by this 
fiber [194,196]. Thus, PDMS (100 μm and 7 μm thicknesses) and PA fibers were selected 
for comparing the extraction performance with the newly developed SPME fiber under the 
optimized conditions. Since the PA fiber and 7 μm PDMS fiber can stand higher desorption 
temperatures, 300°C was selected for these fibers as well as for the sol-gel graphene fiber. 
The results are shown in Figure 4-8. The figure shows that the sol-gel graphene fiber has 
superior extraction performance for PBDEs when compared to the commercial fibers. A 
chromatogram obtained by the sol-gel graphene fiber from an aqueous standard solution 
containing 1.0 µg/L of PBDEs is shown in Figure 4-9. The higher extraction efficiency 
could possibly result from carbon atoms present in the graphene surface possessing the 
effect of mixed sp2 and sp3 hybridization, which results in a highly delocalized conjugate 
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system of π-electrons thus enhancing the π-π interactions with the aromatic PBDEs. 
Additionally, the porous structure of the 3-D sol-gel silica network also provides larger 
surface area and thus improves extraction. Furthermore, the higher thermal stability of 
graphene may allow better desorption of PBDEs with relatively higher boiling points. These 
indicate that the sol-gel graphene fiber has conceivably strong binding affinity for the 
hydrophobic PBDEs. 
 
4.4.3.3. Method evaluation 
A series of experiments with regard to the linearity, LOD, repeatability, and enrichment 
factors was performed to validate the proposed method under the optimized extraction 
conditions. The results are listed in Table 4-1. The linear concentration range of the 
extraction method was tested over a range of 5 and 1000, or 10 and 1000 ng/L, depending 
on the analytes, with coefficients of determination (r2) all greater than 0.990. This allowed 
the quantification of these compounds in the real water samples within their respective 
linear ranges. The LODs for the PBDEs, calculated at a signal-to-noise ratio of 3, ranged 
from 0.2 to 5.3 ng/L. The repeatability of one particular fiber and fiber-to-fiber 
reproducibility were studied at quintuplicate (n = 5) and triplicate (n = 3) extractions 
respectively to evaluate the precision of the extraction method. The RSD of fiber 
repeatability ranged from 3.2 to 5.0% and the RSD of fiber-to-fiber reproducibility ranged 
from 7.7 to 14.9% which were satisfactory in both cases. Enrichment factors which are 
defined as the ratios of the final analyte concentrations after extraction and the initial 
concentrations of analytes in the standard sample mixture were assessed. The initial 
concentrations of analytes in the standard sample mixture were 1.0 µg/L. The final analyte 
concentrations after extraction were calculated by substituting the obtained peak areas into 
the standard calibration curve equations. As shown in Table 4-1, the developed method 
provided high enrichment factors ranging from 1378 to 2859. The results of the proposed 
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method in this study were compared with the data obtained by other researchers using other 
sorbents for SPME-GC-ECD (Table 4-1). The present method showed higher sensitivity 
than that using MWCNTs and activated carbon fiber coating for SPME-GC-ECD [144]. The 
results are comparable with the data obtained in a study in which polymer-functionalized 
SWCNTs were used for SPME-GC-ECD [145].  
 
Table 4-1 Linear range, regression data, LODs and enrichment factors of PBDEs of the 
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BDE-47 5-1000 0.9934 3.2 7.7 0.2  0.2  2859 1756 423 
BDE-49 5-1000 0.9906 3.4 9.5 0.2  -  2812 - - 
BDE-99 10-1000 0.9937 5.0 14.9 1.0  0.2  1814 1031 271 
BDE-154 10-1000 0.9954 3.2 13.8 3.4  0.4  1529 629 193 
BDE-153 10-1000 0.9964 4.2 11.4 5.3  0.8  1378 616 196 
a Calculated from a sample spiked at a level of 100 ng/L. 
b Calculated from a sample spiked at a level of 200 ng/L. 
c Calculated from a sample spiked at a level of 1000 ng/L. 
 
Table 4-2 Analytical results for the determination of PBDEs in canal samples 
 Unspiked canal water Canal water spiked at 100 ng/L 
Analyte Concentration (ng/L) RSD(%,n = 3) Relative recovery (%) RSD(%,n = 3) 
BDE-47 6.70  0.7 77.9 5.1 
BDE-49 7.19  2.8 79.5 6.2 
BDE-99 n.d.a  81.9 3.6 
BDE-154 n.d.  74.9 5.8 
BDE-153 n.d.  74.8 7.8 
a Not detected. 
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4.4.3.4 Application to water samples  
The developed method was successfully applied to the analysis of trace PBDEs in water 
samples collected from a canal. The results are given in Table 4-2. Trace levels of BDE-47 
and BDE-49 were detected at concentrations of 6.70 ng/L and 7.19 ng/L, respectively. Their 
presence was confirmed by spiking PBDE standards into canal water at a concentration 
level of 100 ng/L and reanalyzing the sample (Figure 4-10). 
 
Figure 4-10 GC-MS traces of canal water extracted by the developed method. (a): unspiked 
canal water sample; (b): canal water sample spiked at 100 ng/L of PBDEs. Conditions: NaCl 
addition, 0 %; extraction time, 20 min; extraction temperature, 60°C; stirring rate, 1000 rpm; 
desorption time, 5 min. Peaks: 1: BDE-47; 2: BDE-49; 3: BDE-99; 4: BDE-154; 5: BDE-153. 
(Data were collected during the 10.70-11.45 min, 12.80-13.17 min and 13.50-17.00 min 
retention time windows) 
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To evaluate the accuracy of the method, the relative recovery test was performed by 
spiking PBDE standards into canal water at 100 ng/L. The relative recovery is defined as in 
Chapter 3. Results of relative recoveries and RSDs for triplicate extractions are shown in 
Table 4-2. The data demonstrate that the relative recoveries ranged from 74.8% to 81.9%. 
The RSDs of the analytes were less than 8%, showing good reproducibility.  
 
4.4.4. Determination of UV filters in river water 
4.4.4.1. Optimization of derivatization conditions 
GC is widely used for UV filters analysis because of its inherent advantages such as 
simplicity and sensitivity. Due to the high polarity of UV filters, a derivatization step was 
necessary to convert them into more volatile derivatives to increase the chromatographic 
sensitivity. As is well known, silylation is by far the most common used derivatization 
method for compounds with phenolic groups. BSTFA and MSTFA were tested as silylation 
reagents, since both of them lead to derivatives with an excellent stability. BSTFA has been 
previously employed for the silylation of HMB [168] while MSTFA has been successfully 
used for the on-fiber silylation of OS, HMS and HMB [42]. The effect of the reaction 
temperature, time and volume were also optimized to realize the complete reaction. 
 
4.4.4.1.1. Study of silylation reagent 
In duplicate, 10 µL of a standard solution of the five target analytes at 10 µg/mL in 
methanol was placed in a 1.5 mL GC injection vial. After evaporation to dryness under a 
gentle nitrogen stream, the dry residue was treated with 50 µL silylation reagent. After 
vigorous mixing, the solution was heated at 80°C in water bath for 30 min. After that, the 
vial was removed and cooled down to room temperature. Finally, 1 µL of the derivatized 
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extract was injected into GC system. The results obtained for HMB were slightly higher 
with BSTFA than with MSTFA. For OS and HMS, the results were almost the same. 
However, for BP and 4-MBC, actually not reacted with silylation reagents, the signals 
obtained were slightly higher with MSTFA than with BSTFA. This may be due to the 
negative influence of the catalyst contained in BSTFA. Concerning the total responses of all 
analytes, MSTFA was selected as silylation reagent for further experiments. 
 
4.4.4.1.2. Optimization of on-fiber derivatization conditions 
Optimization of on-fiber derivatization conditions including temperature, time and MSTFA 
volume, was investigated. The results are shown in Figure 4-11. Extractions were carried 
out in the DI sampling mode at 1000 rpm, using 7 mL samples (adjusted to pH 3) containing 
each analyte at a concentration of 10 µg/L, for 30 min. After that, the fiber was exposed to 
the HS of a vial containing different amounts (from 20 µL to 50 µL) of MSTFA, as 
elaborated below. 
The effect of the reaction temperature was studied by maintaining the reaction vial at 25, 
45, 60 and 75°C with the volume kept at 20 µL for 15 min. For HMB, the signal was 
enhanced with increasing temperature. However, in the case of BP, temperature affected the 
derivatization negatively, and the signal was diminished with increasing temperature. 
Probably, as the temperature increased, the analyte underwent desorption from the fiber 
(since SPME is an exothermic process; it is probable that different analytes are affected 
differently). Under the circumstances, 45°C was selected for further experiments. 
The effect of the reaction time was studied at 10, 15 and 20 min with the volume at 
20 µL and the reaction temperature at 45°C. The signals for BP and 4-MBC decreased with 
increasing derivatization time. In the case of silylated analytes, 15 min was optimum. A 
longer derivatization time (>15 min) resulted in a significant decrease in the peak areas of 
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the silylated compounds, probably because of the partial desorption of the analytes from the 
fiber at 45°C, as mentioned above. Based on the discussion above, 15 min was chosen. 
The volume of MSTFA was investigated at three different levels (20, 40 and 50 µL). 
Forty microliters was enough to ensure complete derivatization. Thus, a derivatization time 
of 15 min and at 45°C with 40 µL of MSTFA was picked as the best silylation conditions. 
 
 























































4.4.4.2. Optimization of plunger-in-needle SPME conditions 
4.4.4.2.1. Preliminary optimization using a OA8 (27) design 
In the first stage, six variables were selected and evaluated by an OA8 (27) design [184] for 
optimization of plunger-in-needle SPME. They were: (1) sample pH (factor A), (2) salt 
concentration (factor B), (3) extraction time (factor C), (4) extraction temperature (factor D), 
(5) stirring speed (factor E) and (6) sampling mode (factor F). Table 4-3 illustrates the 
assignments of the experimental factors (A, B, C, D, E and F) and levels (1 and 2). In this 
design, the interactions between these variables were ignored due to the reason mentioned in 
the section 4.1. Peak areas were used as response functions, as shown in Table 4-4.  
The average responses of the two levels of individual factor showed how the extraction 
efficiency was affected as the level of each factor varied. The average peak areas as a 
function of levels of each factor were plotted in Figure 4-12, which depicts the main effects 
for each factor to find the optimal experimental conditions. Due to the difference of the 
properties of the analytes, the influence of the factors on each analyte is 
compound-dependent. In the case of salicylates, OS and HMS, the trends were comparable 
due to their similar properties 
In order to verify whether the effect of individual factor is statistically significant, 
analysis of variance (ANOVA) was utilized to interpret the experimental data collected 
from OAD optimization. The significance of each factor was evaluated by calculating the F 
value for each compound and results are summarized in Table 4-5. It can be seen that the 
most significant factor (at 95% confidence level) was the sampling mode for HMB and the 
second significant factor (at 92% confidence level) was salt concentration for 4-MBC. 





Table 4-3 Assignment of factors and their level values in the OA8(27) matrix 
Level Column no. 
  1 2 3 4 5 6 
 














1 3 0 30 25 1000 DI 
2 7 30 60 60 700 HS 
 
Table 4-4 OA8(27) matrix and responses (peak areas) obtained for each compound 
Trial 
no. 
Column no.  Response (n = 3) 
 
1 2 3 4 5 6 7a  BP OS HMS 4-MBC HMB 
1 1 1 1 1 1 1 1 
 
787030 6168300 5258710 2235659 1410132.5 
2 1 1 1 2 2 2 2 
 
375225.5 7561704 5893745 1355107 141834 
3 1 2 2 1 1 2 2 
 
1828525 7771589 5690781.5 891025 230990.5 
4 1 2 2 2 2 1 1 
 
1201324.5 882932.5 846710 1295072 1107931 
5 2 1 2 1 2 1 2 
 
824046 6058519 5518679.5 2580381 1371325.5 
6 2 1 2 2 1 2 1 
 
727736.5 6605882 6382946.5 3008149.5 333014 
7 2 2 1 1 2 2 1 
 
1047977 4543852 3309549.5 833664 154962.5 
8 2 2 1 2 1 1 2  1127973 2014348 1936295 2060529 1454341 
a Dummy column 
 
Table 4-5 F values of factors from ANOVA results for UV filters 
Factor F value       
  BP OS HMS 4-MBC HMB 
A 1.4 0.4 0.0 31.1 4.8 
B 40.5 4.6 12.1 71.3 2.6 
C 10.1 0.0 0.4 7.1 0.4 
D 7.3 2.1 2.1 5.9 0.5 
E 6.8 0.5 1.3 19.3 11.5 
F 0.0 4.8 5.7 18.4 542.6 
Fcritical = 62.7 (92%), 161.4 (95%). 
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Selection of sampling mode 
The influence of sampling mode (DI and HS) was compound-dependent as can be observed 
from Figure 4-12. The HS mode exhibited a negative effect for 4-MBC and HMB, whereas, 
this mode was preferred for the two salicylates. For BP, insignificant differences were 
observed among responses under different sampling modes. Sampling mode was the most 
significant factor for the extraction of HMB, which could be hardly detected using HS 
extraction while it was well extracted by DI. This could be explained by the relatively 
high-molecular weight and high polarity of HMB. As this was a question of choosing the 
most favorable one out of two sampling possibilities, to obtain the simultaneous 
determination of all species, DI mode was preferred. 
 
 
Figure 4-12 Main effect plots showing the influence of pH, salt concentration, extraction time 
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Effect of salt concentration 
Salt concentration can affect the amount of analytes extracted, depending on the types of 
analytes. The addition of salt may benefit the thermodynamics of SPME due to the change 
of the activity coefficients of the analytes in the aqueous phase but negatively affect the 
kinetics of the process due to the increase in the viscosity and density of the aqueous phase 
which could slow down the diffusion of the analytes to the fiber [194]. Here, the salt effect 
on extraction was evaluated at 0 and 30% (w/v) of NaCl concentration. As can be seen from 
Figure 4-12, the effect of NaCl concentration was compound-dependent. The extraction 
efficiency decreased for the more lipophilic species (OS, HMS and 4-MBC) with the 
increase in NaCl concentration, while for the most polar compound, BP, the efficiency 
increased. In case of HMB, the influence of NaCl concentration was negligible. This 
observation could be attributed to different properties of analytes. Normally, the balance of 
the two impacts resulting from salt addition leads to an improvement in the extraction 
efficiency for polar and nonionic species [43] and a diminution for those with lower water 
solubility [42], which matches with the results shown in Figure 4-12. 
Since NaCl concentration was a significant factor with respect to 4-MBC, for which 
better performance was obtained without salt addition, no NaCl was added in subsequent 
experiments. 
 
Effect of stirring speed 
Stirring is another parameter which may affect SPME kinetics since it hastens mass transfer 
of the analytes to the fiber. Since stirring displayed a positive effect for all analytes and it 
was not statistically significant for any species, no further optimization of this parameter 
was needed and 1000 rpm was chosen as the agitation speed. 
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In view of the above discussions, extractions were carried out without salt addition in 
the direct sampling mode at 1000 rpm for further experiments. Although other parameters 
such as pH, extraction time and temperature were not statistically significant for 
plunger-in-needle SPME, to realize better extraction of all five analytes, the optimal levels 
of these three parameters were further studied using a univariant approach in the next 
optimization stage. The experiments were performed at least with triplicate extractions (as 
indicated by n in figure captions and tables where applicable). 
 
4.4.4.2.2. Effect of extraction time 
 
Figure 4-13 Effect of extraction time, 10 µg/L mix-standard aqueous sample, pH = 7, room 
temperature, direct sampling, 0% NaCl, 1000 rpm, n = 3. 
SPME has maximum sensitivity when the equilibrium extraction time is reached. The effect 
of extraction time was investigated by varying it from 10 min to 60 min. The results are 
shown in Figure 4-13. For BP, the extraction equilibrium was reached at 10 min. For other 

























only after 60 min. However, practical limitations in terms of analysis time must also be 
taken into account. Since only a slight gain (about 10%) in the mean effect was obtained by 
extending the extraction time from 40 min to 60 min, a 40-min extraction time was chosen 
as a compromise for the analysis time to achieve sufficient extraction for all analytes and to 
have a reasonable overall analysis time. 
 
4.4.4.2.3. Effect of pH 
Generally, favorable pH conditions for forming the neutral forms of target compounds 
should be selected in order to increase the extraction efficiencies. Taking into account that 
salicylates and HMB are potentially ionizable compounds, pH values ranging from 3 to 7 
were tested. The results are depicted in Figure 4-14. Due to different pKa's of the analytes, 
the optimum pH values were different. For neutral analyte 4-MBC, the solution at pH 7 
showed slightly higher response. For BP, pH had no significant influence on the extraction. 
For OS, HMS and HMB, the best responses were accomplished at pH 5. Thus, a pH value of 
5 was selected for further experiments. 
 
Figure 4-14 Effect of pH, 10 µg/L mix-standard aqueous sample, 40-min extraction time, room 























Figure 4-15 Effect of extraction temperature, 10 µg/L mix-standard aqueous sample, pH = 5, 
40-min extraction time, direct sampling, 0% NaCl, 1000 rpm, n = 3. 
 
4.4.4.2.4. Effect of extraction temperature 
The influence of extraction temperature was investigated at room temperature (25°C), 40 
and 55°C, as shown in Figure 4-15. For the two salicylates, the best responses were obtained 
at 40°C. However, for benzophenones and 4-MBC, as temperature was increased, the 
signals decreased significantly. Considering the overall responses (Figure 4-15), room 
temperature was considered to be most favorable. 
 
4.4.4.2.5. Effect of the desorption time 
The optimum desorption time was investigated at 1, 4, 5 and 10 min at 280°C. A short 
desorption time could introduce carry over effect while a long desorption time could 




















reached their respective maxima (results not shown) after 5 min. Thus, 5 min was chosen as 
the most favorable desorption time. 
 
4.4.4.3. Comparison with commercial SPME fibers 
 
 
Figure 4-16 Comparison of the extraction efficiency of the sol-gel graphene fiber with 
commercial PDMS-DVB fiber, 100 µm PDMS fiber and PA fiber for UV filters, 10 µg/L 
mix-standard aqueous sample, pH = 5, 40-min extraction time, room temperature, direct 
sampling, 0% NaCl, 1000 rpm, n = 3. 
 
Both 65 μm PDMS-DVB and 100 μm PDMS fibers have been reported in the extraction of 
UV filters [42,162]. The log P values of the selected UV filters are in the range of 3.18 and 
5.95. Along with PA (85 μm thickness) which is polar, PDMS-DVB and PDMS fibers were 
selected for comparing the extraction performance with the present graphene fiber (8 μm 
thickness). The results are shown in Figure 4-16 which shows that the latter, although with 
the smallest amount of coating, has superior extraction performance for the less polar 





















possibly result from the graphene surface carbon atoms possessing mixed sp2 and sp3 
hybridization, leading to a highly delocalized conjugate system of π-electrons, thus 
enhancing the π–π interactions with the benzene rings of the analytes. Additionally, the 
porous structure of the 3-D sol–gel silica network also provided larger surface area and thus 
improved extraction. For polar species with relatively smaller log P values (BP and HMB), 
higher efficiencies were achieved with PDMS-DVB, which is usually more suitable for 
more volatile polar analytes. These results indicate that the graphene fiber has conceivably 
strong binding affinity for lightly polar benzenoid compounds. 
 
4.4.4.4. Method evaluation 
Quality parameters with regard to enrichment factors, the linearity, LOD, and repeatability 
of the proposed method were evaluated under the final optimized conditions. Enrichment 
factors, which are defined as the ratios of the final analyte concentrations after extraction 
and the initial concentrations of analytes in the standard sample mixture, were assessed. The 
initial concentration of each analyte in the standard sample mixture was 10 µg/L. The final 
analyte concentrations after extraction were calculated by substituting the obtained peak 
areas into the standard calibration curve equations. The results are shown in Table 4-6; the 
EFs range from 1080 to 10155 depending on the analyte. 
The linear concentration range of the extraction method was tested over a range of 10 
and 10000 ng/L, and 1 and 5000 ng/L, depending on the analytes, with coefficients of 
determination (r2) all greater than 0.994. This allowed the quantification of these compounds 
in the real water samples within their respective linear ranges. The LOD values for the 
analytes, calculated at a signal-to-noise ratio of 3, were found to be in the low ng/L level 
ranging from 0.5 to 6.8 ng/L. Compared with those obtained by other analytical approaches 
published previously [159], [42], [162] and [163], as shown in Table 4-7, the proposed 
method gave comparable or lower LODs than other SPME methods [42] and [162]. For BP, 
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LLE [159] provided comparable performance. LLE, however, requires larger amounts of 
sample and organic solvent. Moreover, it is labor-intensive and time-consuming. Thus, the 
optimized plunger-in-needle SPME-GC–MS method is an advantageous alternative to 
determine these compounds simultaneously at ultra trace levels. The repeatability, expressed 
as RSD, was evaluated by applying the proposed method to five replicate standard aqueous 
solutions containing the target analytes at 1 μg/L. Results are also shown in Table 4-6, 
indicating that the RSDs range from 0.8% to 5.6%; these values show that good precision 
was achieved for all the target analytes. 
 
Table 4-6 Linear range, regression data, LODs and enrichment factors of analytes of the 
proposed method 
Analyte Linear range (ng/L) r2 LOD (ng/L) RSDa (%, n = 5) Enrichment Factorb 
BP 10-10000 0.9951 6.8  2.8  1080 
OS 1-5000 0.9948 0.5  0.8  6558 
HMS 1-5000 0.9965 0.5  3.9  10155 
4-MBC 1-5000 0.9950 1.6  4.7  5517 
HMB 1-5000 0.9997 0.7  5.6  2558 
a Calculated from a sample spiked at a level of 1 µg/L.  
b Calculated from a sample spiked at a level of 10 µg/L. 
 
 
Table 4-7 Comparison of the LODs (ng/L) for the determination of 5 target compounds with 
different analytical approaches reported in the literatures 
Analytical technique Analyte  Ref. 
BP OS HMS 4-MBC HMB  
Plunger-in-needle SPME-GC-MS 6.8 0.5 0.5 1.6 0.7 This work 
SPME-GC-MS - 0.5 - 1.3 0.2 [162] 
SPME-GC-MS/MSa - 1.5 1.5 - 0.15 [42] 
SBSE-GC-MS - 4 1 4 11 [163] 
LLE-GC-MS 5 - - - 5 [159] 




4.4.4.5. Application to water samples 
The developed method was applied to the analysis of UV filters in water samples collected 
from the Singapore River under the optimized analytical conditions. The river water was 
adjusted to the pH of 5 prior to analysis. No analyte was found in the samples, which 
indicates that the river was free of these analytes or possibly the quantity of these UV filters 
were below the LODs of this method. To test the feasibility and evaluate the accuracy of the 
method, relative recoveries were determined by spiking the UV filter standards into river 
water at a concentration of 1 µg/L of each analyte, and then subjecting the sample to the 
method (see Figure 4-17). The results are given in Table 4-8. The relative recoveries 
obtained were from 99% to 114%, which indicate that the proposed method is not affected 
by the matrix, and is reliable and applicable to real sample analysis. 
 
Table 4-8 Recovery values obtained by applying the proposed method to river water samples 
Analyte Relative recoveries (%)a RSD (%, n = 3) 
BP 114 5.7 
OS 109 6.4 
HMS 107 8.4 
4-MBC 99 5.1 
HMB 102 11.3 
a Calculated from river water sample spiked at a level of 1 µg/L.  
 
 
Figure 4-17 GC–MS trace of river water spiked at 1 µg/L of UV filters extracted by the 
developed method. Peaks: 1: BP; 2: OS; 3: HMS; 4: 4-MBC; 5: HMB. No UV filters were 
detected in the river water sample. 

























A novel SPME device, assembled with a commercially-available plunger-in-needle 
microsyringe, with the plunger coated with graphene via a sol-gel approach, was developed. 
The applicability and selectivity of sol-gel graphene to different kinds of compounds was 
investigated by determining PBDEs and UV filters in water sample coupled with GC-MS. 
Parameters affecting the extraction efficiency were investigated in detail. Compared with 
commercial SPME fibers including such as 100 μm PDMS, 7 μm PDMS and 85 μm PA, the 
coated plunger showed higher extraction efficiency and selectivity, with enrichment factors 
for PBDEs between 1378 and 2859. The graphene fiber showed different selectivity for UV 
filters and exhibited higher extraction efficiency for lightly polar salicylates and 4-MBC, 
compared with commercial SPME fibers such as PDMS-DVB, 100 μm PDMS and PA. This 
method has showed adequate precision and linearity and was successfully applied to the 
analysis of PBDEs in canal water and UV filters in river water with satisfied relative 
recoveries. 
The unique planar structure of graphene enhanced the π-π interaction with the aromatic 
PBDEs; additionally, the sol-gel coating technique created a porous 3-dimensional network 
structure which offered larger surface area for extraction. The stainless steel plunger 
provided firm support for the coating and enhanced the durability of the assembly. The 
developed extraction method opens the possibility of application of the novel sol-gel 
graphene fiber on extraction of compounds from non-polar to lightly polar. Moreover, its 
use opens up greater possibilities of home-assembled SPME devices with sorbents 
specifically designated by independent researchers. Based a similar concept as 
plunger-in-needle SPME, a plunger-in-needle LPME approach was developed, which was 







Development and evaluation of 
plunger-in-needle supported liquid-phase 
microextraction 
5.1. General considerations 
In this chapter, we reported on a novel concept of LPME combined with a plunger-in-needle 
microsyringe. Ten high molecular weight PAHs were used as test compounds to evaluate the 
extraction performance of the method. The plunger wire was firstly etched by hydrofluoric 
acid (HF) and served as the holder of organic solvent. The plunger-in-needle microsyringe 
has been successfully applied in SPME [197]. The HF-etched stainless steel plunger wire 
has a rough and porous structure [197], which could conceivably increase the interfacial 
area between solvent and aqueous sample, thus increasing the extraction efficiency. Another 
important feature of this technique is the integration of extraction and injection in one 
instrument, i.e., the commonly used microsyringe which functions as a solvent holder for 
extraction as well as a microsyringe for injection into the gas chromatograph. In addition, 
the consumption of solvent was significantly reduced to less than 0.1 µL, which makes the 
method much environmentally friendlier than current LPME procedures. 
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5.2. Sample preparation 
Stock PAH solutions (10 µg/mL each of analytes) were prepared in pure methanol and 
stored in the dark at 4°C. Water samples were prepared by spiking ultrapure water with the 
analytes at known concentrations (generally 50 μg/L,) to study extraction performance 
under different conditions. 
River water samples were collected from the Singapore River and stored in an 
aluminum-wrapped glass bottle. The samples were not filtered prior to processing. All 
samples were kept in the dark at 4.0°C before analysis. 
 
5.3. Extraction procedure 
5.3.1. Plunger-in-needle liquid-phase microextraction 
The stainless steel plunger wire was first cleaned with a lint free tissue and immersed in HF 
for 15 min at room temperature. The process of etching is to create a rough and porous 
surface so as to increase the interfacial area between solvent and aqueous sample. The SEM 
micrographs of HF-etched plunger are shown in Figure 4-3c and 4-3d. The etched part 
(2-cm long) of the plunger was washed gently with ultrapure water and dried under room 
temperature for 1 hour. The etched wire was then conditioned for 30 min at 300°C in the 
injection port of the GC. Before extraction, the etched part was immersed in organic solvent 
(toluene) and sonicated for 2 min to allow full diffusion of organic solvent into the pores. 
After impregnation, this solvent wire was taken out and placed into the sample solution 
for extraction. The volume of the sample solution was 7 mL in an 8-mL vial. After 
extraction for a prescribed time under different agitation speeds, the solvent wire was 
withdrawn into the needle and placed directly in the GC injector for complete desorption at 
295°C for 7 min as optimized. The etched wire could be used repeatedly. Here, the same 
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etched wire was used for all experiments, unless otherwise stated. 
For comparison, SDME and hollow-fiber LPME [102], as well as HF-etched 
plunger-in-needle SPME (that is, without solvent) were performed. 
 
5.3.2. Single-drop microextraction 
A 10 μL microsyringe (SGE) with a bevelled tip was used for extraction and injection. The 
extraction procedure is as follows: the microsyringe was thoroughly rinsed with acetone and 
then toluene. After rinsing, 1 µL of toluene was withdrawn. The needle tip was then 
immersed in the aqueous sample and the plunger was depressed to expose a 1 µL drop of 
toluene to the sample. After a 10 min extraction, the drop was withdrawn into the syringe 
and subsequently injected into the GC-MS for analysis. Care was taken to ensure that air 
bubble formation did not occur which would affect drop withdrawal and affect extraction 
efficiency and precision. Extraction was done in a 7-mL aqueous solution in an 8-mL vial 
with addition of sodium chloride at 5% concentration and stirring at 300 rpm at room 
temperature.  
 
5.3.3. Hollow-fiber liquid-phase microextraction 
A 10 μL microsyringe (SGE) with a cone tip was used for extraction and injection. Before 
extraction, the syringe was rinsed with acetone followed by toluene to avoid carryover and 
bubble formation. 3 μL of toluene was withdrawn into the syringe followed by equal volume 
of ultrapure water. The hollow-fibers were cut into 1.5-cm lengths and washed by sonication 
in acetone and then left to dry. The hollow fibers were then immersed in toluene and 
attached to the syringe needle. The ultrapure water in the syringe was then carefully injected 
to remove excess toluene within the hollow-fiber. This expulsion was done in toluene. The 
syringe with hollow fiber was then immersed in a 7-mL aqueous solution in an 8-mL vial 
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with addition of sodium chloride at 5% concentration. The toluene in the syringe was then 
completely and slowly injected to fully fill the hollow fiber. After a 10 min extraction at 300 
rpm at room temperature, the enriched toluene was carefully withdrawn into the syringe and 
injected into the GC-MS for analysis. The used hollow fiber is then discarded and a new one 
used for subsequent extractions. 
 
5.4. Results and discussion 
5.4.1. Selection of organic solvent 
To choose a suitable extracting organic solvent, some factors should be considered. It should 
meet the following requirements: (1) good affinity with the etched wire to be stably held in 
the pores of the wire; (2) good solubility to the analytes to ensure high enrichment; (3) low 
solubility in the aqueous solution; (4) low vapor pressure to prevent loss during agitation. 
Based on these considerations, toluene and 1-octanol were selected for candidate solvent. 
The comparative results indicated that toluene gave the higher extraction capacity compared 
to 1-octanol as extractant solvent. The poorer results obtained from the selection of 
1-octanol might be due to a lower impregnated volume which could be possibly due to a 
lower affinity for the etched wire surface or a lower solubility of the analytes in the organic 
solvent. It is possible that toluene could be preferentially impregnated due to stronger 
interactions of delocalized π-systems of toluene and the etched wire. Recent studies have 
demonstrated that relatively strong interactions can occur between aromatic π donors and 
metal cations in aqueous solutions and/or on mineral surfaces, i.e., cation−π interactions 
[198]. Here, the high affinity of toluene to the etched stainless steel wire may be possibly 
due to charged-induced dipole-dipole interaction of the electron deficient iron with the 
electron-rich aromatic ring of toluene. 
Another issue to note is that some work has been reported about the interactions 
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between the HF-etched stainless steel and PAHs (Flt and Pyr) [199]. In this study, 
adsorption of PAHs by HF-etched wire without solvent was tested and observed. However, 
the signal was much lower than that by with solvent impregnating (see results below). 
Hence, the interaction between toluene and analytes would be the major consideration. This 
was demonstrated by the fact that almost the same extraction efficiencies were achieved 
when the same wire was repeatedly used for extraction under the same conditions. 
 
5.4.2. Selection of solvent impregnating mode 
Two modes, dynamic and static solvent impregnation over different durations were 
investigated. These two modes were different from each other with respect to whether 
sonication (dynamic) was used or not (static). To evaluate and compare the performance of 
two modes simply and clearly, peak areas of toluene were measured and compared. 
 























Figure 5-2 Illustration of plunger-in-needle LPME: (a), vertical cross-section of coated 
HF-etched stainless steel wire; (b), horizontal cross-section of coated HF-etched stainless steel 
wire. 
 
As indicated by Figure 5-1, dynamic mode gave relatively higher toluene peak intensity 
compared with static mode. Hence, sonication could enhance the mass transfer of toluene 
into the pores of the HF-etched wire. Under dynamic mode, the intensity was enhanced with 
increasing sonication time. Although 5 min gave better signal than 2 min, it gave poor 
reproducibility, which may be explained by instability of toluene in the wire resulting from 
longer exposure time of toluene. Thus, the HF-etched wire was sonicated in toluene for 2 
min, which gave both satisfactory extraction levels and consistency of impregnated toluene 
volume. The volume of toluene was calculated based on a standard external calibration 
curve. It was determined to be 6.8×10-10 µL. It is important to ensure that the volume of 
extraction solvent is not only consistent but also sufficient to give satisfactory detection 
limits of the target compound. It was discovered that to obtain a consistent coating or layer 
of toluene on the plunger wire upon withdrawal, a rapid motion of plunger was required 
Stainless steel wire 
(before etching) 
Stainless steel wire 
(after etching) 
Stainless steel wire 
(after sonication) 







[200]. This is important as a consistent coat would lead to a more consistent volume of 
toluene and thus affect both precision and reproducibility positively of each extraction. 
These properties are illustrated in Figure 5-2. 
 
5.4.3. Agitation speed 
In hollow-fiber LPME and SBME, the extraction process can be enhanced by agitation of 
the sample solution, thereby reducing the time to achieve equilibrium. These methods, since 
the organic solvent was protected by the hollow fiber, can tolerate higher stirring speed. For 
SDME [90], in which the microdrop was directly exposed to the aqueous solution, higher 
stirring speed would result in dislodgement, especially over a prolonged extraction time. It 
is conceivable that mechanical disturbance caused by stirring speed could do affect the 
present procedure. 
 
Figure 5-3 Effect of agitation speed to 50 µg/L PAHs in a water sample. Conditions: NaCl 
addition, 0 %; extraction time, 15 min; desorption time, 7 min. Error bars show the standard 





























In this study, agitation speed was investigated over the range of 100 rpm and 400 rpm 
for a 15-min extraction. As seen in Figure 5-3, partitioning of the analytes into the organic 
solvent was enhanced with the increase of the stirring speed. Stirring seems to bring the 
analytes in closer proximity to the extractant solvent, similar to SPME, SDME, and 
hollow-fiber LPME, etc. However, since the organic solvent held by the HF-etched wire 
was also directly exposed to the aqueous solution, it is conceivable that too high a speed 
would lead to some solvent loss and produce air bubbles that will affect repeatability and 
precision. This is a limitation of the method. Therefore, we chose 300 rpm as a suitable 
stirring speed on the basis of the above consideration. 
 
5.4.4. Extraction time 
 
Figure 5-4 Effect of extraction time to 50 µg/L PAHs in a water sample. Conditions: NaCl 
addition, 0 %; stirring speed, 300 rpm; desorption time, 7 min. Error bars show the standard 




























The effect of extraction time was investigated in the range of 5-20 min by extracting 
aqueous solution containing 50 µg/L of each analyte at 300 rpm stirring speed. Figure 5-4 
shows that the analytical signals increase quickly within 20 min of extraction time. However, 
the repeatability of the extraction decreased with the increasing extraction time (see 
relatively large RSDs in Figure 5-4 at 15 min and 20 min). Generally, in LPME, it is usually 
not practicable to prolong an extraction for equilibrium to be established. This is because the 
longer the extraction, the greater the potential of solvent loss due to volatilization or 
dissolution in the sample solution. Additionally, there are obvious benefits in conducting 
more time-efficient extraction. As a consequence, taking the analysis time, solvent loss, 
good repeatability and precision, and high extraction efficiency of this technique into 
account, an extraction time of 10 min was deemed to be sufficient for satisfactory 
extraction. 
 
5.4.5. Salt effect 
The effect of the addition of salt to the samples was also investigated. The salt effect in 
SPME and LPME has been widely reported. Generally, the addition of salt can decrease the 
solubility of analytes in the aqueous sample and enhance their partitioning onto the ﬁber (for 
SPME) and organic phase (LPME). In this case, the presence of salt could change the 
activity coefficients of the analyte in the aqueous phase and thus alter extraction efficiency. 
Nevertheless, it could increase the viscosity and density of the aqueous phase and thus 
negatively affect the kinetics of the process and, consequently, the extraction efficiency. In 
summary, the addition of salt might be favorable from a thermodynamic point of view but 
unfavorable from a kinetic point of view [194]. Salting-out, salting-in, or no effect in the 
presence of salt have all been observed for microextraction procedures [113]. In our study, 
the salt effect on extraction was evaluated at various concentrations of NaCl (0, 5, 10, 15, 
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20%, w/v). As can be seen in Figure 5-5, for most analytes the response increased with the 
increase of the salt concentration of the aqueous samples up to 5% and subsequently 
decreased as more was added. In addition, better repeatability was also observed at 5% 
concentration. The slight presence of salt may reduce problems of toluene dissolution in the 
aqueous solution. The decline might conceivably be due to the slower kinetics involved. 
Another fact is that the addition of salt to an aqueous sample is usually used to enhance the 
extraction of polar compounds while for nonpolar or weakly polar compounds, this effect is 
not signiﬁcant [136]. The PAHs studied in this work have low polarity, so the observation is 
in line with the latter explanation. Accordingly a 5% (w/v) NaCl content was selected for all 
subsequent experiments. 
 
Figure 5-5 Salt effect to 50 µg/L PAHs in a water sample. Conditions: stirring speed, 300 rpm; 
































5.4.6. Comparative studies 
The performance of the proposed method was compared with that of SDME, hollow-fiber 
LPME and HF-etched plunger-in-needle SPME (as shown in Figure 4-3c and 4-3d for its 
SEM micrographs) under the same extraction conditions-stirring at 300 rpm for 10 min by 
extracting aqueous solutions containing 25 µg/L of each analyte with 5% salt addition. The 
chosen agitation speed and extraction time were also suitable for SDME and hollow-fiber 
LPME to avoid air bubble formation and solvent loss. The volume of extraction solvent was 
1 µL for SDME, 3 µL for hollow-fiber LPME and 6.8×10-10 µL for plunger-in-needle LPME, 
respectively, while no solvent was involved in HF-etched plunger-in-needle SPME. The 
comparison results are presented in Figure 5-6. It can be seen that plunger-in-needle LPME 
exhibited higher extraction efficiency than those of the other procedures.  
As illustrated in section 1.3.1, for LPME, EF, which is used to evaluate the success of an 
extraction, can be described by Eq. (1.12) 
EF = 1/(V V ⁄ + 1/K)                    (1.12) 
where K is the distribution ratio of the analytes in two phases, Va is the volume of the 
aqueous sample and Vo is the volume of the organic solvent. In this study, for SDME, 
hollow-fiber LPME and plunger-in-needle LPME, with the same the extraction solvent 
toluene, K is the same. Since plunger-in-needle LPME gave the lowest value of (V V ⁄ ), 
the highest EF is expected as we have obtained. 
In addition, the observations are ascribed to the special porous structure of the etched 
wire. The presence of mesopores may prevent the organic solvent from being lost [113], and 
at the same time enlarged surface area would facilitate the mass transfer between the two 
phases. Consequently, higher extraction efficiency, here exhibited by the larger peak areas of 
the GC signals, was achieved. 
It is notable to mention that SBME was supposed to be conducted here as comparison. 
However, toluene could not be used in this method since a significant amount of it, if not all, 
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was lost when the membrane was heat sealed. 
 
 
Figure 5-6 Comparison of extraction efficiency. Conditions: 25 µg/L PAHs; NaCl addition, 5%; 
stirring speed, 300 rpm; extraction time, 10 min; desorption time, 7 min. Error bars show the 
standard deviation of triplicate extractions. 
 
5.4.7. Method evaluation 
A series of experiments with regard to the linearity, LOD, LOQ, repeatability, and 
enrichment factors was performed to validate the proposed method under the optimized 
extraction conditions. The results are listed in Table 5-1. The linear concentration range of 
the extraction method was obtained over a range of 0.05-50 and 1-50 µg/L, respectively, 
depending on the analytes, with coefficients of determination (r2) all greater than 0.988. This 
allowed the quantification of these compounds in the real water samples within their 
respective linear ranges. The LODs for the PAHs, calculated at an S/N ratio of 3, ranged 
from 0.003 to 0.136 µg/L. LOQs were calculated at an S/N ratio of 10, ranging from 0.010 
to 0.452 µg/L. The repeatability of one particular plunger wire and wire-to-wire 
reproducibility were studied in quintuplicate (n = 5) and triplicate (n = 3) extractions 






















ranged from 2.9 to 9.6% and the RSD of wire-to-wire reproducibility ranged from 4.3 to 
12.8% which were satisfactory in both cases. Enrichment factors which are defined as the 
ratios of peak areas of analytes after extraction and that of analytes in the standard sample 
mixture were assessed. As shown in Table 5-1, the developed method provided high 
enrichment factors ranging from 192 to 385.  
 
Table 5-1 Linear range, regression data, LODs, LOQs and enrichment factors of PAHs of the 
proposed method 
a Calculated from a sample spiked at a level of 5 µg/L.  
b Calculated from a sample spiked at a level of 25 µg/L. 
 
Table 5-2 summarizes the analytical characteristics of previous reported other LPME 
approaches for the determination of PAHs in water samples for a comparison. The proposed 
method gave significantly higher enrichment factors. The LODs obtained were comparable 
with those by hollow-fiber LPME method, which, however, required longer extraction time, 
increasing the overall sample treatment time. Thus, the optimized plunger-in-needle LPME 
procedure appears to be an advantageous alternative when compared to the other extraction 











(%, n = 5) 
RSDb 
(wire to wire) 
(%, n = 3) 
Enrichment 
Factorb 
Flt 0.05-50 0.9982 0.007 0.022 8.8 11.6 385 
Pyr 0.05-50 0.9993 0.003 0.010 9.5 12.8 344 
Cry 0.05-50 0.9985 0.005 0.016 6.9 7.1 326 
BaA 0.05-50 0.9983 0.005 0.017 9.6 8.8 319 
BbF 0.05-50 0.9966 0.015 0.048 5.2 4.3 256 
BkF 0.05-50 0.9969 0.010 0.032 6.4 10.2 362 
BaP 0.05-50 0.9883 0.011 0.036 4.9 8.1 305 
InP 1-50 0.9936 0.061 0.203 9.1 5.2 257 
DBA 1-50 0.9886 0.136 0.452 5.8 9.1 316 




Table 5-2 Comparative data of the developed plunger-in-needle LPME method with other 










Extraction solvent Toluene  [C8MIM][PF6] Toluene  Toluene  
Solvent 
consumption (µL)a 
3 3 5 6.8×10-10 d 
Extraction time 
(min)b 
20 30 35 10 
Determination 
technique 
HPLC-UV HPLC-fluorescence GC-MS GC-MS 
Enrichment factors 60-180 42-106 64-162 192-385 
LODs (µg/L) 1-3.5 - 0.003-0.018 0.003-0.136 
Number of PAHs c 4 10 9 10 
a Solvent consumption only in extraction stage. 
b Time employed in extraction stage; any other operations were not included. 
c Number of PAHs studied in each approach; only those studied in this work were considered. 
d Calculated value. 
 
5.4.8. Application to water samples 
Natural water from the Singapore River was used as samples for evaluating the 
plunger-in-needle approach developed in this work. The results are shown in Table 5-3. Flt 
and Pyr were found below the limits of quantification of the method, while other PAHs were 
not detected. This may indicate the contamination of this river water by PAHs in Singapore 
is not serious. 
To evaluate the accuracy of the proposed method, the relative recovery test was 
performed by spiking PAH standards into river water at a concentration level of 5 µg/L 
(Figure 5-7). As shown in Table 5-3, the relative recoveries (defined as ratios of peak areas 
of analytes from extracts of spiked river water and spiked ultrapure water) ranged from 70.1% 
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to 106.4%, which means that the matrix had little effect on plunger-in-needle LPME. The 
RSDs for triplicate extractions were less than 5.0%, implying the established method is 
reliable and applicable for real sample analysis. 
 
Table 5-3 Analytical results for the determination of PAHs in river water samples 
a Below the limit of quantification. b Not detected. 
 
 
Figure 5-7 GC-MS-SIM traces of an extract of river water sample spiked with PAH standards at 
a concentration level of 5 μg/L. Conditions: NaCl addition, 5%; stirring speed, 300 rpm; 
extraction time, 10 min; desorption time, 7 min. Peak identities: 1: Flt; 2: Pyr; 3: Cry; 4: BaA; 5: 
BbF; 6: BkF; 7: BaP; 8: InP; 9: DBA; 10: BPe.  
Analyte 
Unspiked river water River water spiked at 5 µg/L 
Concentration (µg/L) RSD (%, n = 3) 
Relative recovery 
(%) 
RSD (%, n = 5) 
Flt <LOQa  103.3 3.9 
Pyr <LOQa  106.4 3.3 
Cry n.d.b  86.2 5.0 
BaA n.d.  93.4 4.6 
BbF n.d.  71.0 1.3 
BkF n.d.  70.1 1.3 
BaP n.d.  70.9 2.9 
InP n.d.  70.1 1.8 
DBA n.d.  92.6 0.3 
BPe n.d.  74.1 0.2 
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5.5. Conclusions 
A new mode of LPME, plunger-in-needle LPME, using a HF-etched wire as solvent holder, 
was described in this study. The method integrates extraction and introduction into one 
device, just like SPME, which makes the procedure much easier, simpler, and more 
convenient. The amount of organic solvent used was decreased significantly, in comparison 
to conventional LPME, and is thus environmentally friendlier. Higher extraction efficiency 
compared to SDME, hollow-ﬁber LPME, and HF-etched plunger-in-needle SPME was 
obtained. Good linearity and repeatability were also achieved. Under the optimal extraction 
condition, lower LODs were obtained, ranging from 0.003 to 0.136 µg/L for higher 
molecular weight PAHs. The study indicates a novel application of plunger-in-needle 
microsyringe in analytical chemistry, particularly for the sample preparation of aqueous 
matrices. As an alternative to the polymeric hollow ﬁber, etched stainless steel wire has 






Conclusions and future work 
Recent research activities are oriented toward the development of miniaturized, simple 
(preferably one-step), efficient, economical, solvent-minimized (even solvent-free) sample 
preparation techniques. In the past 2 decades, miniaturization has developed very rapidly in 
terms of its technology and applications. In the present work, several miniaturized sample 
preparation methods, sorbent-based microextraction and liquid-phase microextraction 
(LPME), have been developed. In sorbent-based microextraction, the applicability of 
graphene as sorbents combined with novel microextraction configuration was explored. 
Results obtained from these researches clearly showed that functionalized graphene sheets 
as well as graphene-based composites as sorbents combined with sorbent-based 
microextraction techniques can be used effectively for analysis of organic pollutants in 
environmental aqueous samples. They provide feasible alternative methods to conventional 
sample preparation techniques. 
In a preliminary study, lightly sulfonated graphene sheets (in powder form) were 
synthesized based on the existing method in the literature and investigated as a novel 
sorbent for μ-SPE. The applicability of the approach was evaluated by determining 7 
polycyclic aromatic hydrocarbons (PAHs) from water samples coupled with gas 
chromatography-mass spectrometry (GC-MS). The synthesized graphene sheets were 
characterized by transmission electron microscopy (TEM), Fourier transform infrared 
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spectroscopy (FT-IR) and elemental analysis (EA). Satisfactorily low limits of detection 
(LODs) and good repeatability (RSD<9.0%) could be obtained when μ-SPE was coupled 
with GC-MS. The enrichment by Graphene 1, with slightly higher sulfur content, was 
significantly higher than what was achieved by C8 and C18 sorbents on the same sorbent 
weight (1 mg for each) basis under the same conditions. The results in this preliminary study 
indicate that sulfonated graphene sheets can be used successfully as a μ-SPE sorbent for 
hydrophobic compounds such as PAHs in water. Therefore, we can expect that 
graphene-based materials would show high extraction ability towards other hydrophobic 
benzenoid-form compounds via strong π-π interaction if well dispersed graphene sheets are 
available. To increase the extraction performance of graphene, structural and compositional 
modifications are required to retain its intrinsic high surface area. This work provides an 
important starting point for the further development of analytical applications of graphene, 
one of the most interesting and important materials to surface in recent years. 
Comprehensive optimization of graphene-based materials and improvement of extraction 
methods deserve further investigation. 
The feasibility of graphene to serve as sorbents was further investigated by combining it 
with solid-phase microextraction (SPME). In this study, dispersed graphene was used as the 
sorbent for preparing a novel type of SPME fiber based on sol-gel technique. Termed 
plunger-in-needle SPME, a home-assembled SPME device based on a 
commercially-available plunger-in-needle microsyringe was developed. By replacing the 
original needle of the microsyringe with one which was shorter and of wider internal 
diameter, and which served as the protective sleeve for the coated plunger, an SPME device 
that resembled a much more expensive commercial SPME fiber holder was obtained. The 
possibility and applicability of the method was first investigated by the determination of 
polybrominated diphenyl ethers (PBDEs) in water combined with GC-MS. The unique 
planar structure of graphene enhanced the π-π interaction with the aromatic PBDEs; 
additionally, the sol-gel coating technique created a porous 3-dimensional network structure 
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which offered a larger surface area for extraction. The stainless steel plunger provided firm 
support for the coating and enhanced the durability of the assembly. Under the optimized 
conditions, the method detection limits for five PBDEs were in the range of 0.2 and 5.3 ng/L 
(at an S/N ratio of 3) and the precision (%RSD, n = 5) was 3.2-5.0% at a concentration level 
of 100 ng/L. The linearities were 5-1000 or 10-1000 ng/L for different PBDEs. Compared 
with commercial SPME fibers such as 100 μm polydimethylsiloxane (PDMS), 7 μm PDMS 
and 85 μm polyacrylate (PA), the coated plunger, with 8 μm thickness of sol-gel graphene, 
showed higher extraction efficiency and selectivity for PBDE compounds. Such a method 
offers a simple, rapid, sensitive and inexpensive tool for the determination of trace PBDEs 
in water samples. This work has opened up the possibility of applying similar 
graphene-based sorbents for the extraction of other high boiling points compounds based on 
the high thermal stability of the coating. The thickness of the sol-gel film can be controlled 
by varying the duration of the coating process and therefore the extraction efficiency at 
different film thicknesses can also be evaluated. This sol-gel coating method together with 
the novel non-commercial microextraction setup described provide the foundation for future 
work in which in-house prepared sorbent materials in combination with a widely available 
and inexpensive plunger-in-needle microsyringe for SPME applications can be realized in a 
convenient and cost-effective manner. 
The applicability and selectivity of plunger-in-needle SPME with sol-gel graphene as 
sorbent was further explored by the simultaneous determination of five UV filters: 
benzophenone (BP), Octyl salicylate (OS), homosalate (HMS), 3-(4-methylbenzylidene) 
camphor (4-MBC), 2-hydroxy-4-methoxybenzophenone (HMB) in aqueous samples. Due to 
their relatively high polarity, on-fiber silylated with 
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) was employed to enhance their 
sensitivity of GC-MS analysis. Factors affecting the performance of extraction and 
derivatization steps were thoroughly evaluated. For the optimization of extraction conditions, 
using orthogonal array design (OAD), six relevant factors were investigated, including 
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sample pH, salt concentration, extraction time, extraction temperature, stirring speed and 
sampling mode. In the first stage, two level OAD, an OA8 (27) matrix was employed to 
study the effect of six factors. Based on the results of the first stage, three factors were 
selected for further optimization with a univariant approach during the second stage, since 
this (univariant method) was found to be adequate. Under the final optimized conditions, the 
method detection limits for five UV filters were achieved in the range of 0.5 and 6.8 ng/L (at 
an S/N ratio of 3) and the precision (%RSD, n = 5) was 0.8%-5.6% at a concentration level 
of 1 µg/L. The linearities for different analytes were 10-10000 or 1-5000 ng/L. The 
coefficients of determination (r2) for the calibration curves were all greater than 0.994. 
Compared with commercial SPME fibers such as PDMS-DVB, 100 μm PDMS and PA, the 
graphene fiber showed different selectivity and exhibited higher extraction efficiency for 
lightly polar salicylates and 4-MBC. The results indicated that plunger-in-needle SPME 
with sol-gel graphene as sorbent had better selectivity to lightly polar compounds other than 
polar ones. 
In the development of LPME techniques in this work, a novel and simple LPME 
approach, termed plunger-in-needle LPME was developed. In this method, the plunger of a 
commercially-available plunger-in-needle microsyringe, etched with HF, was used as the 
extractant solvent holder. Owing to the porous nature of the etched wire, the extractant 
solvent could be easily held in the pores; when the plunger wire impregnating the extractant 
solvent was exposed to the sample solution, analytes could directly diffuse from the sample 
solution into the extractant solvent. After extraction, the syringe could be directly placed 
into the injector port of GC-MS for analysis for thermal desorption of the analytes. High 
molecular weight PAHs were used as model analytes to evaluate the extraction performance. 
Parameters affecting the extraction efficiency were investigated in detail. Under the 
optimized conditions, the method detection limits for 10 PAHs were in the range of 0.003 
and 0.136 µg/L (at an S/N ratio of 3), with RSDs between 2.9% and 9.6% on the same wire. 
The linearities were 0.05-50 or 1-50 µg/L for different PAHs. When this method was applied 
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for the spiked river water sample, the relative recoveries ranged from 70.1% to 106.4% for 
the tested PAHs. This novel microextraction method was also compared with single-drop 
microextraction (SDME), hollow-fiber LPME and etched plunger-in-needle SPME (i.e., 
there was no solvent impregnation) and showed higher extraction efficiency. The proposed 
method integrates the extraction and introduction into one device, which makes the 
procedure faster and simpler. In addition, it is much environmentally friendlier as the 
organic solvent consumed is almost negligible. Due to smaller amount of organic solvent 
involved, enrichment factors were also higher.  
A possible approach for further development of the sample preparation procedures 
conducted in the present work would be combining plunger-in-needle SPME with 
graphene-based composites or other novel materials to extend its applicability. Also, solvent 
desorption instead of thermal desorption can be used to elute analyte from SPME fiber. 
Through solvent desorption, a greater choice of liquid-based separation/detection techniques 
(e.g. liquid chromatography (LC), capillary electrophoresis (CE), etc.) would be available to 
the analyst. Besides, in regard to automate the sample preparation process, a dynamic mode 
of plunger-in-needle SPME (or LPME) is worth some attention. It would be a great 
improvement if the dynamic plunger-in-needle SPME (or LPME) process, in which a 
syringe pump is employed, can be hyphenated with chromatographic instrument as an 
integrated analytical system. In addition, to enhance the stability and robustness of 
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